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L'objectif principal de ce travail de thèse est la synthèse et l'étude des propriétés en solution 
de nouveaux copolymères amphiphiles à blocs dont l’un des blocs est constitué d’une séquence à 
gradient de styrène et d'acide acrylique. L’auto-assemblage de ces copolymères amphiphiles 
ioniques en milieu aqueux les rend attractifs pour diverses applications allant de la nanoélectronique 
à l'agro-chimie et la nano-médecine. En particulier, l’application des copolymères amphiphiles 
multi-stimulables est très prospective et la conception de nano-objets intelligents solubles dans l'eau 
qui peuvent être utilisés pour l'encapsulation d'une substance hydrophobe (par exemple, des 
médicaments) est en plein essor. 
 
Durant les dernières décennies, les méthodes de polymérisation radicalaire contrôlée PRC se 
sont rapidement développées et atteignent à l’heure actuelle leurs maturités. Ces techniques ne 
nécessitent pas les conditions strictes que la polymérisation ionique exige, et permettent néanmoins 
d'obtenir des polymères avec des caractéristiques macromoléculaires contrôlées. En outre, ces 
méthodes permettent de synthétiser des polymères avec des architectures complexes: copolymères à 
bloc, statistiques, en étoiles, greffés … 
 
Parmi les différentes techniques de PRC, la polymérisation radicalaire contrôlée par 
l’intermédiaire d’un nitroxyde (NMP) permet de créer un équilibre entre une espèce dormante et 
une espèce active. Le réamorçage des espèces dormantes se fait de manière thermoréversible et  la 
« fréquence » de cette réactivation définit la caractère vivant du processus. Le contrôle de la 





Comme nous l'avons mentionné ci-dessus avec la création et le développement de méthodes 
de polymérisation contrôlée, il est devenu possible de synthétiser des polymères avec des 
architectures de plus en plus complexes et contrôlées. Les copolymères à gradient sont très 
intéressants et représentent une classe de copolymères qui peut être ré-explorés grâce à l’avènement 
de la PRC. En effet, la structure de ces copolymères est spécifique, avec une composition dans les 
chaînes macromoléculaires qui varie par création d’un gradient de composition à partir d’un 
monomère A avant d’être enrichi par un monomère B. Cette distribution influe sur toutes les 
propriétés de ces matériaux et elles diffèrent singulièrement des propriétés de leurs homologues 
copolymères à bloc de même composition chimique. Cette structure spécifique peut amener à des 
propriétés stimuli-sensibles, ce qui implique que ces structures peuvent changer de taille, de nombre 
d'agrégation … de manière significative lorsque les propriétés physiques et / ou chimiques de 
l'environnement (température, pH, force ionique …) sont finement modulées. 
 
En milieu aqueux,  le pH et la force ionique sont les paramètres les plus importants. Les 
copolymères pH-stimulables attirent l’attention en raison des applications potentielles. L'un des 
couples de monomères le plus utilisé pour la synthèse de copolymères sensibles au pH est l'acide 
acrylique et le styrène. En effet, le polystyrène est suffisamment hydrophobe pour assurer 
l’agrégation dans l'eau et l'acide polyacrylique est un électrolyte faible sensible à la variation du pH 










L'auto-assemblage dans l'eau de copolymères «classiques» ioniques amphiphiles de type 
poly(acide acrylique)-bloc-polystyrène, PAA-b-PS, ont été étudiés dans les deux dernières 
décennies. Il a été constaté que ces copolymères peuvent s’associer en micelles sphériques en 
solution aqueuse lorsque les fractions molaires en AA et S sont ajustées. En effet, les agrégats 
formés par les copolymères PS-b-PAA sont considérés comme gelés puisque les interactions 
hydrophobes du cœur sont très importantes en raison de la température de transition vitreuse élevée 
du polystyrène. Une fois l’agrégat formé, il est impossible de rajouter ou d’expulser des unimères 
de l’agrégat, et les agrégats sont alors dits « gelés » et ne présentent pas de propriétés dynamiques. 
Seule la couronne est sensible au pH du fait de la présence de chaînes de polyélectrolyte. La 
réponse de ces micelles est limitée uniquement à des changements conformationnels de la couronne 
mais le nombre d'agrégation ne peut pas être changé. 
 
Plusieurs tentatives ont été réalisées pour transformer ces micelles gelées en micelles 
dynamiques. Par exemple, le cœur du polystyrène vitreux a été remplacé par le polyisobutylène PIB 
ou le poly(acrylate de butyle) PBA qui ont des températures de transition vitreuse plus basses, mais 
les micelles sont restées "gelées" bien qu’ils présentent un comportement partiellement dynamique.  
 
 Dans ce travail, nous suggérons de modifier la structure des copolymères à bloc c’est-à-dire 
d’introduire des unités d’acide acrylique dans le bloc hydrophobe de polystyrène afin de moduler 
l’énergie d’interface et l’énergie cohésive entre le cœur et la couronne. L’incorporation d’unités 
monomères hydrophiles AA dans le bloc hydrophobe PS nous paraissait intéressant pour obtenir de 
nouvelles propriétés pH-sensibles. L’idée fondatrice était de créer des répulsions électrostatiques 
pouvant apparaître au niveau du cœur de la micelle par une augmentation du pH qui entraîne une 





hydrophobes des unités styrène jusqu’à un certain pH, où les répulsions électrostatiques vont 
l’emporter et dissocier la micelle.  Pour obtenir cette structure, nous avons imaginé utiliser les 
copolymères à gradient, où le premier bloc est un bloc hydrophile de poly(acide acrylique), PAA, et 
le deuxième bloc est un bloc hydrophile-hydrophobe à gradient du polystyrène et poly(acide 
acrylique), PS-grad-PAA, menant à une architecture complexe de type PAA-b-(PAA-grad-PS). 
Leurs homologues triblocs peuvent également être synthétisés à partir d’un amorceur di-fonctionnel 
pour mener à des architectures (PS-grad-PAA)-b-PAA-b-(PAA-grad-PS). Dans le passé, 
l'association des copolymères triblocs en milieu aqueux a permis de démontrer la formation des 
micelles de type « fleurs ». En solution micellaire, le bloc central de PAA peut être situé non 
seulement dans les  « boucles » des micelles, mais aussi créer les  «ponts» entre micelles et mener à 
la formation d’un gel physique. Il en résulte que les propriétés rhéologiques de la solution sont 
modulables et les copolymères triblocs peuvent être utilisés comme modificateurs rhéologiques pH-
sensibles de solutions aqueuses.  
 
Ces copolymères à gradient sont obtenus par polymérisation directe de l’acide acrylique et 
du styrène par NMP, car l'effet de sorption sélective, i.e. formation des liaisons hydrogènes entre la 
chaîne polymérique PAA formé lors de la premiere étape de polymerization (et qui est le 
macroamorceur particulier pour la étape suivante) et le monomère d’acide acrylique. Ces 
interactions permettent de mener spontanément à une structure à gradient par des techniques batch 









La nanoaggegation des polymères sur différentes surfaces inorganiques ou métalliques peut 
être extrêmement intéressante en termes de formation des nouveaux matériaux hybrides avec des 
propriétés améliorées. Il est de plus particulièrement intéressant de pouvoir contrôler ces propriétés 
de surface au moyen de stimuli externes comme la température, l’acidité (pH) ou un champ 
électrique. On obtient alors des transformations réversibles se produisant en fonction des propriétés 
du milieu ambiant ou d’une contrainte extérieure appliquée, d’où le nom d’« interfaces 
intelligentes ». Ces propriétés remarquables s’obtiennent en greffant sur ces surfaces des polymères 
comportant des groupements chimiques sensibles à ces stimuli. Parmi ceux-ci, les candidats les plus 
prometteurs semblent être des polymères ioniques, ou polyélectrolytes, qui sont des polymères 
solubles dans l’eau et dont la forme peut être contrôlée par des variations de pH, de salinité ou par 
un champ électrique. Pour la première fois, la NMP a été utilisée pour la synthèse des polymères 
greffés sur des surfaces d'or. Pour greffer l’amorceur sur la surface, nous avons utilisé deux étapes 
de modification et puis la polymérisation a été réalisée dans les mêmes conditions que la 
polymérisation en solution. Lorsque la brosse de polymères obtenue comporte des copolymères 
amphiphiles (possédant à la fois des propriétés hydrophobes et hydrophiles), son aspect et ses 
propriétés peuvent être largement contrôlés par le milieu ambiant. Lorsqu’ils sont libres en solution, 
les copolymères amphiphiles peuvent s’auto-assembler pour donner des structures nanométriques 
dont la taille et la forme sont contrôlables en agissant par exemple sur le pH ou la salinité. La 
technique du «grafting from» permet d’obtenir une couche chimiquement stable et dense de 
copolymères greffés, tout en contrôlant leur architecture et leur masse molaire (longueur des 
chaînes macromoléculaires). Nous avons élaboré des copolymères à gradient à partir de substrats 
d’or afin de pouvoir analyser les propriétés de réponse des brosses de polymères aux différents 
stimuli physiques et chimiques, comme nous l’avons fait avec leurs homologues dits « libres », au 





Les résultats de ce travail de thèse seront présentés au cours des quatre chapitres suivants : 
 
Chapitre I. Détermination des paramètres cinétiques de la réaction de terminaison réversible dans la 
polymérisation radicalaire contrôlée par intermédiaire d’un nitroxyde. 
Chapitre II. Synthèse et étude des propriétés en milieu aqueux de copolymères amphiphiles à 
gradient à base de styrène et acide acrylique. 
Chapitre III. Etude de la transition sol-gel pH-stimulée et réversible en milieu aqueux de 
copolymères triblocs amphiphiles à gradient. 
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Chapitre I. Détermination des paramètres cinétiques de la réaction de terminaison réversible dans 
la polymérisation radicalaire contrôlée par intermédiaire d’un nitroxyde 
 
Introduction générale. 
Dans le but de caractériser la cinétique et le mécanisme de polymérisation radicalaire 
contrôlée par intermédiaire d’un nitroxyde (NMP), nous avons étudié les caractéristiques de la 
réaction de terminaison réversible à partir de la détermination des constantes des vitesses 
d’activation et de désactivation. 
L’estimation des constantes de vitesse dans les systèmes polymériques réels est une tâche 
très délicate. De ce fait plusieurs travaux [1-5], ont été réalisés sur des systèmes modèles où le 
macro-radical est remplacé par un radical moléculaire analogue de faible masse molaire. Ces 
réactions reproduisent bien la cinétique du processus, mais en comparaison avec un système 
macromolécualire, la différence entre les valeurs des constantes peuvent dépasser un ordre de 
grandeur. 
Nous avons proposé une méthode directe pour la détermination des constantes de vitesses 
d’activation et de désactivation par la technique de la résonance paramagnétique électronique RPE, 
permettant de suivre la concentration instantanée en nitroxydes, mais couplée à une approche 
d'inhibition compétitive. Dans le cas de la détermination des constantes de vitesse d’activation, 
l’utilisation d’un excès d'un inhibiteur compétiteur permet de pièger préférentiellement les radicaux 
en croissance formés lors du chauffage de la solution des espèces "dormantes". Pour la 
détermination des valeurs de constantes de vitesse de désactivation, la consommation de deux 
nitroxydes est mesurée à partir de la différentiation graphique des spectres RPE mais aussi de la 
connaissance de la valeur de la constante de l'une des constante de recombinaison avec le 
macroradical.  
Au cours de ce travail, nous avons appréhendé deux approches différentes en fonction : 
1) de la sélectivité des macro-alcoxyamines étudiées à base de styrène ou d’acrylates,  
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Chapitre I. Détermination des paramètres cinétiques de la réaction de terminaison réversible dans 
la polymérisation radicalaire contrôlée par intermédiaire d’un nitroxyde 
 
Abstract. 
Rate constants of decomposition of “living” polymeric adducts polystyrene (PS) - TEMPO, poly-4-
vinylpyridine (P4VP) - TEMPO, PS-SG1 and polyacrylic acid (PAA) - SG1 in different solvents 
were determined by the method of a competitive inhibition by means of Electron Spin Resonance. It 
was found that with the increase in polarity of solvent, the values of constants become higher for all 
systems studied. This effect opens a new way of activating chains in nitroxide-mediated radical 
polymerization. 
 
Keywords: Activation Energy; ESR/EPR; kinetics (polym.); Nitroxide Mediated Polymerization, 
rate constant, macroalkoxyamine decomposition, solvent effect 
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Reaction of reinitiation of dormant adducts polymer-nitroxide is a very important stage in 
nitroxide-mediated radical polymerization (NMP) which determines if the polymerization proceeds 
under control regime. The more frequent the reinitiation occurs the more similar to the living ionic 
polymerization the process of the chains growth is.  
The main information about the mechanism and kinetics of the reinitiation were obtained by 
the study of the reaction of low-mass alkoxyamines, which are the model systems for the polymeric 
adducts1-5. The direct measurements of the decomposition rate of polymeric adducts polymer-
nitroxide are developed in a less extent. 
РХ → d
k
    Р.+ Х. 
The two approaches are known for the determination of the rate of such reactions. The first 
was developed by Fukuda6 and it uses the data of the GPC analyses of the postpolymerization 
products initiated by the adduct polymer-nitroxide. The analysis of the decay of the initial product 
mode allows the finding of the constant of its decomposition by the first-order plot. 
The second approach is a method of competitive inhibition. In this technique, the rate of the 
free-nitroxide release under heating of the adduct solution with the excess of another inhibitor is 
measured by Electron Spin Resonance (ESR). Usually, as a competitive inhibitor, one can use 
benzoquinon, oxygen7-9, nitroxides or other stable radicals. Besides ESR-measurements, NMR-
analysis can be used to the determination of the decomposition products. 
 
As the mechanism of polymerization depends a lot on the rate of the decomposition of 
adducts, the study of the influence of many factors on this process is a very important problem. The  
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main works in this field aimed at investigation of the nitroxide nature influence on the kinetics of 
polymerization. According to Fukuda,6 the value of kd increases in 40 times in the nitroxide line: 















Figure 1. Structure of nitroxides. 
 
Fischer10 found that kd was higher by one order of magnitude for adducts PS-SG1 than for 
adducts PS-TEMPO. This was explained by a decrease in stability of the terminal bond C-ON with 
an increase of the steric factors influence. It was mentioned by many authors that the steric factors 
also affect the kd value for polymeric adducts comparing with low-mass alkoxyamines: the kd 
becomes higher in two to four times for polymeric ones1,6,11,12. For the adduct polymethyl 
methacrylate (PMMA) - SG1, this coefficient grows up to 30. However, in Ref.13, it was found that 
the activity of the adducts PS-SG1 is independent on the chain length of PS in the range from 13 to 
450 monomeric units and the value of kd is (4.0-7.8)х10-3 s-1, what is in a good agreement with the 
value for model low-mass alkoxyamine ((4.2-5.8)х10-3 s-1) within the range of the experimental 
error.  
To the best of our knowledge, the influence of the polymeric substitute nature on the rate of 
the decomposition of adducts is not studied, whereas the influence of the alkyl group nature in low-
mass alkoxyamines on the rate of their decomposition is systematically analyzed. Indeed, the  
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empiric equations for kd as a function of steric and polar factors in the side-group for some low-
mass alkoxyamines were derived, particularly15. Alkoxyamines that have a bulky group or 
electrodonor groups in the constituent give a larger kd value16-19. It was observed that the presence 
of H in α-position to N-O group increases the value of kd, and the presence of OH-group in 
nitroxide decreases the value of kd20.  
For the first time, the influence of the solvent nature on kinetics of low-mass alkoxyamines 
decomposition was studied in Ref.21: the rate constant of alkoxyamine decomposition (the adduct 
of cyanisopropyl radical with TEMPOH) increased by the factor of 7 in the line: 
Cyclohexane < benzene < methanol 
The similar results were obtained in Ref.16: the authors worked with the adduct of 
cyanoisopropyl radical with isoindole nitroxide, which is not used in controlled radical 
polymerization, and found that in the line of the solvents  
hexane > ethylacetate > dimethylformamide (DMF)  > methanol > mixture water/methanol > 
mixture acetic acid/Methanol 
the half-life period decreased in more than twice. The results of these works indicate that the rate of 
decomposition increases with the polarity of a media. 
However, according to other results, the nature of a solvent does not affect the rate of the 
alkoxyamine initiator decomposition. The independence of kd on the nature of the solvent was 
observed in reaction of the decomposition of alkoxyamine based on SG1 and methylpropionyl 22. 
Bon et al. 23 studied the thermolysis of the adduct tBuCH2CH(Ph)-TEMPO and found that the value 
of kd changed randomly in the range (2.4-3.8)*10-6 s-1 in the toluene, ethylacetate, acetonitrile, 
ethanol and benzyl alcohol. We should notice that in this work,23 only polar or easily polarized 
liquids were chosen. It is interesting that in these solvents the activation energy of decomposition 
increases appreciably from 142 to 213 kJ mol-1. 
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The scope of the literature data provides the evidence that the polar factors have an influence 
on the rate of the alkoxyamines decomposition. The influence of the nitroxide nature was studied in 
detail, whereas there is no definite opinion in the articles on the influence of the solvent polarity on 
this process. This effect could be of the great importance for NMP because the facilitation of the C-
ON bond decomposition ensures the better control of macromolecular characteristics, especially for 
the systems when a polymeric radical forms strong bond with the nitroxide. Therefore, the aim of 
this work is to perform a systematic research on the influence of the media polarity on the value of 
the decomposition constants of the different polymeric adducts with two nitroxides TEMPO and 
SG1 by the direct method of competitive inhibition by means of ESR. The article is organized as 
follows: after the short description of the method of competitive inhibition and conditions chosen 
for the experiment, we present the results of the determination of the rate decomposition constants 
for the polymeric adducts with TEMPO and then with SG1, followed by conclusion. 
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PMMA-TEMPO 93 benzene 30  2 41 
PMMA-SG1 120 MMA 24000  2 42 
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a 
 Estimated by Arrhenius equation 
b 
 in the range Pn=13-500 






Dimethylformamide (DMF) and formamide were distilled in vacuum over anhydrous calcium 
oxide. Dioxane was distilled over potassium hydroxide. Benzoquinon was sublimed (mp 113-115 
0C). All other solvents and reagents were used as received. 
 
Preparation of the adducts.  
PS-TEMPO and (P4VP)-TEMPO were prepared by the polymerization of the styrene in the 
presence of TEMPO according to Ref.24. The obtained polymers were purified by the precipitation 
from chloroform into methyl alcohol for PS-TEMPO adducts and from chloroform into absolute 
diethylether for P4VP-TEMPO adducts. PS-SG1 and PAA-SG1 were obtained according to Ref.25. 
PAA-SG1 adducts were purified by the precipitation from dioxane into dichloromethane and PS-
SG1 adducts were precipitated from benzene into hexane. Macromolecular characteristics were 
determined by GPC (Table 2).24,26 The purity of the polymers was determined by the absence of the 
nitroxide signal in the ESR spectra.  
Preparation of the samples and measurement of the decomposition rate of adducts were 
performed according to Ref.26. The adducts were dissolved in the solvents mentioned in the Tables 
3 and 4 at concentration 10-4 mol L-1 and the 100-fold excess (in case of PAA-SG1 adducts 5000-
fold) of the benzoquinon was added.   
When TEMPO (Sigma) was used as a competitive inhibitor the analogous mixtures were 
prepared with the concentration of TEMPO 5×10-4 mol L-1 in all measurements.  
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The quantity of a released nitroxide was measured by ESR on the radiospectrometer-1307 by the 
double integration of the spectra in the program ESR (v 4.0). 
 
 
Table 2. Macromolecular characteristics of the adducts.  
Adducts Mn, 103 g mol-1 Dispersity 
PS-TEMPO 5.7 1.19 
PVP-TEMPO 13.1 1.30 
PS-SG1 7.1 1.19 






Results and discussion 
 
The rate constant of decomposition kd was determined by the method of competitive 
inhibition17, 27 by means of ESR. For this purpose the purified adducts were heated in the presence 
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The conditions of the reaction were chosen so that:  
























2) the rate of decomposition did not depend on the concentration of the competitive 
inhibitor; 
3) during the time of the experiment no more than 10% of the adduct amount 
dissociated. 
At these conditions (see Experimental section), the rate of decomposition is constant (the 





PXd ][][ . kd[PX]0 
 
Rate of adducts PS-TEMPO and PVP-TEMPO decomposition. 
 
The rate of the adduct PS-TEMPO decomposition was determined in four solvents which 
have a different polarity in the presence of benzoquinone as a competitive inhibitor. Typical kinetic 
curves of decomposition are presented in Figure 2. One can see that in all systems studied, the  
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accumulation of the TEMPO is linear with the time and the rate of the process increases with the 
growth of the temperature. The kd values determined in benzene and methylethyl ketone (MEK) are 
approximately the same as the value in bulk (Table 3). In DMF, this value is higher, and in the 
mixture heptane/benzene is lower than in bulk. With the increase in the polarity of the solvent, the 
kd value becomes approximately four times higher.  
 



























Figure 2. Time-dependence curves of the TEMPO release in the systems PS-TEMPO-solvent-
benzoquinone. Solvents: benzene (a, b2), DMF (b4), MEK (b3), benzene-heptane (4:6) (b1). 
Temperature is shown on the graphs (for Fig. 2a) and for Fig.2b it is 100 оС. [PS]=0.2 (а), 0.1 (b) 
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Table 3. kd and Ea values of adducts in different solvents. 
Adduct Solvent kd (120ºС),10-4 s-1 Ea, kJ/mol A, 1013 s-1 

































* the average value 
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Similarly, we determined the kd value for P4VP-TEMPO adducts in DMF, in mixture 
ethanol/water (9/1) and in mixture benzene/Dimethylformamide (8/2). All obtained results are 
presented in the Table 3 and Figure 4. In all solvents, we observed the same features of 
decomposition: the kinetic dependence of TEMPO release is linear with time and the rate increases 
with temperature. 
 















Figure 4. Temperature dependence of the constant of reinitiation in coordinates of Arrhenius 
equation for the systems PS-DMF (1), P4VP−DMF (2), P4VP−ethanol/water 9/1 (3), 
P4VP−DMF/benzene 2/8 (4). 
 
Comparing the results of kd measurement for two polymers in different solvents (Table 3), 
one can determine the general line of the TEMPO-polymeric adducts activity as macro-initiators: 
PS-benzene/heptanes < PS-benzene < PS in bulk < PS-DMF < P4VP-benzene/DMF < P4VP-
ethanol/water < P4VP-DMF 
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It is obvious that the adducts activity increases with the polarity of media. In the same 
solvent, the activity of P4VP-adducts is higher than activity of PS-adducts due to higher polarity of 
4-vinylpyridine monomeric units.  
Apparently, the polar environment of C-ON bond facilitates its decomposition in polymeric 
adducts. The similar effect was observed for low-mass adducts under the addition of the polar group 
in the nitroxide structure4. The same effect according to our experiments is characteristic for the 
polymeric adducts. In the line: 
PS-TEMPO < poly-4-acetoxystyrene-TEMPO < P4VP-TEMPO 
the kd values (100 0C) are (6.0, 6.9 and 29)×10-5 s-1, respectively. So the more polar monomeric 
units the adduct contains the higher values of kd are intrinsic for this system. 
All measured kd values obey Arrhenius law (Figures 3 and 4). The Ea value of 
decomposition of adducts PS-TEMPO and P4VP-TEMPO is practically independent on the nature 
of the solvent and is equal to 124-138 kJ mol-1 (Table 3). 
 
Rate of PS-SG1 and PAA-SG1 adducts decomposition. 
 
The same procedure was used to the determination of the kd values of the decomposition of 
PS-SG1 and PAA-SG1 adducts in different solvents, which differ with respect to their polarity. In 
the case of PAA-SG1 adducts, we used TEMPO as a competitive inhibitor, because benzoquinone 
is not an efficient inhibitor for acceptor radicals. In the ESR spectra of both nitroxide TEMPO and 
SG1, there is a spectral region where radical signals do not overlap (Figure 5). This allows to 
measure quantitatively the TEMPO decay and accumulation of SG1 during the heating of the 
reaction mixture adduct (P-SG1) – solvent - TEMPO: 
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Figure 5. ESR spectrum of the nitroxide SG1 (0.1 mol/L) and TEMPO (0.02 mol/L) mixture in 
dioxane.   
Comparing the results of parallel determination of kd for the adducts PAA-SG1 in dioxane 
with two inhibitors, TEMPO and benzoquinone, at 120°C shows that the values are in good 
agreement: kd = (1.21 ± 0.15) × 10–4 s–1 and (1.15 ± 0.11) × 10–4 s–1 respectively (Figure 6).  
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Figure 6. Rate constants of decomposition of PS-SG1 (a) and PAA-SG1 (b) in dioxane (1), DMF 
(2) and formamide (3) in Arrhenius equation coordinates. 
 
The results of kd determination in the initial linear region of the SG1 accumulation curves 
are presented on Figure 6 and in Table 4. As it was mentioned earlier, the distinct tendency of the 
growth of the constants values with the increase of the media polarity was observed in this system 
as well. For polymeric adducts PS-SG1, the replacement of low-polar dioxane (ε = 2.2) by polar  
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DMF (ε = 38) changes kd value in three to six times, and in high-polar formamide (ε = 112) kd 
increases by about one order of magnitude1 (Table 4). 
 
Table 4. kd (1000С) and Ea of decomposition of the adducts in different solvents. 
Solvents 
Dioxane DMF formamide 
Adducts 
kd x104 , s-1 Ea, kJ mol-1 kd x104 , s-1 Ea, kJ mol-1 kd x104 , s-1 Ea, kJ mol-1 
PS-SG1 
PAA-SG1 
3.0 ± 0,3 
0.12 ± 0,01 
113 ± 6 
126 ± 8 
9.2 ± 0,8 
0.72 ± 0,15 
119 ± 7 
102 ± 4 
- 
2.4 ± 0,2 
- 
113 ± 3 
 
The value of the activation energy for the process of the SG1-adducts decomposition is 
practically independent of the solvent nature (Table 4), as we observed upon the decomposition of 
TEMPO-adducts. Nevertheless, the value of the energy is lower by 20 kJ mol-1 for SG1-adducts 
than for TEMPO-adducts. 
The main factor that determines the decomposition rate of nitroxide adducts is a stabilization 
of radicals.28 Hence, one can suggest that the reason of the increase in kd value in polar solvents is a 
stabilization of the liberated nitroxide. The latter effect was described earlier by Ingold.29 It was 
associated to the stabilization of the nitroxide due to its solvatation by the polar molecules, which 




                                                 
1
 The kd values for the adducts PS-SG1 were determined in two solvents: dioxane and DMF, because the polymer is not 
soluble in formamide. 
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The physical meaning of the activation energy (Ea) of this reaction is that it is a 
characteristic of the C-ON bond energy in the polymer-TEMPO adduct. From our results, it follows 
that the polar environment does not influence the stability of this bond, but influences the value of 
the pre-exponential factor A. It is known17,30,31 that activation energy of most low-mass adducts 
with different cyclic nitroxides is in the range 125-135 kJ mol-1. The Ea values obtained from our 
experiments for the adducts PS-TEMPO and PVP-TEMPO and also the data from the literature 
(Table 1) indicate that this universal law applies also for polymeric adducts, irrespective of the 
solvent nature. Consequently, the local environment of the C-ON bond practically has no influence 
on the distribution of the electron density which determines the energy of this bond4, but affects its 
vibration frequency, which is quantitatively determined by the pre-exponential factor. The lower 
value of Ea for SG1-adducts probably is caused by the steric factors, which contribute significantly 
when the nitroxide has the bulky side groups. As this suggestion is in a good agreement with the 
literature data (Table 1), one can see that with the increase in the size of the side group in the 
nitroxide the activation energy becomes lower. 
We should mention that there is a discussion about the value of pre-exponential factor A in 
the reaction of alkoxyamines decomposition in the literature. The data obtained by different groups 
vary by 11 orders of magnitude from A=106 to 1017 s-1 (see detailed analysis in Ref.4), but it is 
known that for homolysis reactions of small molecules, which do not require the accounting of 
entropic factor, this value is (1-5) ×1013
 
and for big molecules – 1017-1018 s-1.2 The averaging of the 
42 kd values for low-mass alkoxyamines done by Marque and Fischer2,3,17 gave a value A = 
2.4×1014 s-1, which now is used as a standard for the correction of the kinetic calculations of Ea. The 
value of A (~1014 s-1) for PS-TEMPO and P4VP-TEMPO obtained in our work corresponds to the 
standard, but for the adducts PS-SG1 and PAA-SG1 it is lower (1012-1013 s-1). 
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Direct method of the competitive inhibition was applied to the determination of the rate 
decomposition constants of the polymeric radicals with nitroxides SG1 and TEMPO in different 
solvents. The systematic research of these systems showed that the polarity of solvent has a 
significant influence on the rate of the decomposition of adducts - the increase in solvent polarity 
causes the faster decomposition of the polymeric adducts. As the chosen systems have polymeric 
radicals and nitroxides of different nature one can conclude that this effect can be extrapolated on 
other systems as a general rule. This fact opens up an alternative way to involve the monomers 
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Abstract. 
We suggested a simple method based on ESR-analysis for determination of recombination 
rate constant between propagating radical and nitroxide. This method was applied for three 
monomers: styrene, acrylic acid and methyl acrylate and three stable radicals: TEMPO, SG1 and 
galvinoxyl. The activity of inhibitors, i.e. the rate constant of recombination, increases in line: 
SG1<TEMPO<Galvinoxyl. Moreover, the selectivity of non-active polystyryl radicals in reaction 




The reversible termination reaction has a crucial role in Controlled Radical Polymerization 
for synthesis of polymers with low dispersity and predetermined molecular weight. Therefore it is 
very important to know the kinetic characteristics of this process: the rate constant of recombination 





where Pn is propagating radical, N is a nitroxide and Pn-N is a dormant adduct.  
The most important work in this field was made for the determination of decomposition rate 
constant [1-9] and equilibrium constant [1-4, 8-13]. The experimental measurement of the 
recombination rate constant is a more difficult task thus there are only few works in the literature. 
Generally, the recombination kinetics is studied on the model systems – where propagating radical 
is replaced by low-mass or molecular radical [4, 14-20], for example, instead of polystyrene radical 
one can take benzyl, α-methylbenzyl or ethylbenzyl radicals. Model systems describe well the 
principles of the reactions, but the value of constant determined in real and model systems can vary  
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in more than one order of magnitude. So this method is qualitative, but not quantitative. The 
indirect method for determination recombination constant is based on the analysis of GPC-results 
by the linearization of macromolecule chain length distribution [21-23]. The more common way is 
to divide the decomposition constant by equilibrium constant. This method brings a rather high 
mistake due to the big error in determination of constants, especially of the equilibrium constant, 
i.e. the accuracy of its determination is about half of an order. 
The first direct method for determination of recombination constants in real polymeric 
systems was suggested by Chernikova et al. [24]. One can measure the product degree of 
polymerization under the certain concentration of free-nitroxide, but this method is rather laborious 
and requires a lot of preliminary work of determination of the optimal conditions for the 
experiment. Recently more simple way was suggested with the use of chromatographic analysis of 
products obtained by RNR-PLP-SEC (radical nitroxide recombination – pulsed lamp 
polymerization – size exclusion chromatography) technique in the presence of nitroxides [25]. But 
this method gives the reasonable results only in case of the nitroxides with rather low value of 
recombination constant (kx≈ 105 L mol-1.s-1) like nitroxide SG1. For more “active” nitroxides with 
the constants in 1-3 orders of magnitude higher, this method can not be applied due to the increase 
of the measurement error.   
We suggest a direct and rather simple experimental method for determination of 
recombination rate constant in reaction between a macroradical and a nitroxide – the method of 
competitive inhibition. Its applicability was demonstrated on three propagating radicals, i.e. styrene, 
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TEMPO “Sigma” and galvinoxyl “Aldrich” were used as received. Benzoyl peroxide and 
dicycloperoxydicarbonate were recrystallized from ethanol. As a source of SG1-radicals, we used 
polystyrene obtained in the presence of SG1 [26] with amount of radicals equal 9x10-6
 
mol spin/g. 
Monomers were purified by standard methods. 
Two stable radicals were dissolved in monomer. The solution were placed in ampoule and 
degassed and sealed. Reaction was carried out at 50 0C. In typical case the reaction mixture was 
prepared by dissolving 31mg of TEMPO and 51mg of galvinoxyl in 2 ml of styrene. 20 µl of 
solution was mixed with 2 ml of 48 mg Bz2O2 solution in styrene. The final concentration of 
TEMPO was 0.1 mmol L-1, of galvinoxyl – 0.05 mmol L-1 and of Bz2O2 – 10 mmol L-1. 20-50 µl of 
final solution was placed in ESR-ampoule. Other samples were prepared similarly with 
concentration of components indicated in the Table 3 and 4. 
 The decrease in concentration of stable radicals was followed by ESR on spectrometer “РЭ-1307” 
by double integration of spectra in the program ESR (v.4.0). 
 
 
Results and discussion 
 
Method of competitive inhibition is a particular case of the competitive reactions method. In 
this method, polymerization is carried out in the presence of two inhibitors A and B, for one of 
which (“the etalon”) the recombination rate constant in reaction between macroradical and nitroxide  
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is known. If it is possible to divide the rates of consumption of both nitroxides w1 and w2, the rate 
constant of recombination can be calculated by following equation: 
w1/w2 = d[A]/d[B] = k1[А]/k2[В]      (1) 
This method can be applied for determination of recombination rate constants for 
macroradicals and nitroxide in controlled radical polymerization, because the concentration of the 
nitroxides can be easily measured by ESR. It is convenient to use as an etalon the nitroxide TEMPO 
which is commercially available and for which the recombination rate constants with propagating 
radicals of styrene, MA, MMA are known [1,8, 21-24]. This method doesn’t require the knowing of 
absolute inhibitors concentrations, as one can see from the formula (1). For calculation of k2 the 
ratio [A]/[B] is used, therefore the concentrations could be expressed in relative units, like units or 
ESR-signal or mm of chart strip. 
 
To obtain reliable results the following conditions should be met: 
 
1)  The concentrations of the nitroxides should be low enough to give the possibility for 
propagation reaction to occur. In that case the direct reaction between the inhibitors and the initiator 
is negligible in comparison to the reaction between propagating radicals and inhibitors. These two 
reactions will be the main processes: 
Р
.
 +  Т. →  РТ      (2) 
Р
.
 +  Х. →  РХ                           (3), 
where P is a propagating radical, T  for TEMPO and X for the studied nitroxide. 
 2)  Reactions between the propagating radicals and nitroxides should be irreversible, i.e. the 
adducts PT and PX should not decompose, because this leads to overrated concentration of 
nitroxides in reaction mixture. Then, this aspect can be reached by the use of low temperature.  
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3)  To decrease the measurement error the “active” nitroxide should be taken in lower 
concentration than non-active one for comparable rates of consumption. 
In our work, we used nitroxide TEMPO as an “etalon” for the determination of the 
inhibition activity of nitroxide SG1 and phenoxy-radical galvinoxyl 2. 
The kinetic curves of nitroxides consumption under the heating in styrene in the presence of 
initiator are presented in Figure 4. One can see that TEMPO is consumed faster than SG1, the same 
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Graphical differentiation of the kinetic curves allows finding the ratio between the rates of 









                                                 
2
 The use of the pairs TEMPO-SG1 and TEMPO-galvinoxyl was justified in previous works [5,27]  for determination of 
decomposition rate constant kd 
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Using the known value of kT for TEMPO (Table 3), we calculated the value of 
recombination rate constant for nitroxide SG1. The values for styrene and methyl acrylate are 
(0.05±0.01)×107 and (0.7±0.1)×107 L/mol.s, respectively. These values are in one order of 
magnitude lower than the corresponding values for TEMPO, this means that nitroxide SG1 is a 
weaker inhibitor than TEMPO.   
We should mention that the value of kX for the reaction between polystyryl radical and 
nitroxide SG1 found in our work ((0.05±0.01)×107 L/mol.s) is rather close to the value which was 
found by RNR-PLP-SEC [25]. Moreover it lies in the interval of literature data (0.05 − 0.09)×107 
L/mol s estimated by the dividing of decomposition rate constant and equilibrium constant [4, 10, 
11]. Thereby, the suggested method gives the reliable data.  
Much attention is attracted by the fact that the nature of propagating radical has a great 
influence on the ratio kТ/kх. For styrene macroradical, this ratio is in several times higher than for 
radicals of acrylic acid or methyl acrylate. In other words, non-active styrene macroradical is more 
sensitive to the nature of nitroxide in recombination reaction, than active acrylate radicals. 
To answer the question, is this effect keeping for other systems, we studied the kinetics of 
inhibition for the same propagating radicals but in the presence of another pair of stable radicals, i.e.  
TEMPO and galvinoxyl (Figure 5), where galvinoxyl is not a nitroxide, but a phenoxy- radical.    
The values of the constant found for these systems are presented in Table 4. It is obvious 
that in this case, the effect is even stronger, i.e. the reactivity of polystyryl radical with TEMPO and 
galvinoxyl differs in few times, while the reactivity of polyacrylate-radicals is practically the same.  
Absolute values of kХ for the reaction of polystyryl and polymethyl acrylate macroradicals 
with galvinoxyl coincide within the limits of experimental error and are equal (6±1)×107
 
L/mol.s. 
From the obtained results, we can say that the inhibitor activity of stable radicals in reaction 
with polystyrene radical increases in two orders of magnitude in line: 
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SG1<<TEMPO<Galvinoxyl, 
while for the radicals of polyacrylic acid or polymethyl acrylate activity grows only in 6-7 times. 
This effect found in our work was also observed in the reactions of nitroxides with low-mass 
radicals. And this tendency is keeping for the nitroxides which are either more active or less active 
than TEMPO. The constants of recombination obtained by Ingold et al. [15] and Zubenko et al. [16] 
in systematic research of reactions between low-mass radicals with active and non-active nitroxide 
are given in Table 6. One can see that the rates of reactions between active nonyl-radical and 
TEMPO, or more active isoindoline and azabicyclononane nitroxides are the same, while for 
ethylbenzyl-radical this rate differs in 5.4 times and for trimethylphenyl-radical this difference 
reaches two orders of magnitude. The same tendency is observed in the system TEMPO-
imidazoline nitroxides-SG1, i.e. the rate constant of recombination for active tert-butylpropionate-
radical (analog of tert-butyl acrylate propagating radical) with mentioned stable radicals differ in 9 
times and for stabilized ethylbenzyl-radical – in 70 times. 
And here a question arises: what is the reason for the selectivity of polystyryl radicals in 
reaction with stable radicals-inhibitors and why the active radicals like macroradicals of acrylic acid 
or methyl acrylate don’t possess such selectivity?   
This effect can be probably associated with a fact that the process of recombination for 
active radicals needs no activation [14] and is defined only by the diffusion of the radicals. For non-
active radicals this process can have small activation energy, therefore the constants depend on 
different factors 1) first of all on the steric factors and 2) also on the polarization and stabilization 
factors in the nitroxides.   
 In conclusion, we should notice that obtained values of kX for polymeric radicals are in one 
order of magnitude lower than the values for model low-mass radicals which are known in the 
literature. This can be explained by the low diffusion mobility of macroradicals in comparison with  
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their low-mass analogs. Thus, the polymeric nature of propagating radical has a great influence on 
the value of recombination rate constant in reaction with nitroxide. Therefore the use of direct 
methods for determination of kinetic constants in real systems gives more reliable results for the 
study of Nitroxide-Mediated Radical Polymerization. 
 
Table 3. Values of recombination rate constants in the system monomer-TEMPO-SG1. 
Monomer 
[reagents] 
 mmol L-1 
kТ/kХ 
kХ ×107  
L mol-1s-1 






























































Table 4.   Values of recombination rate constants in the system monomer-TEMPO-Galvinoxyl (G). 
Monomer 
[reagents] 
 mmol L-1 
kТ/kХ 
kХ×107  
L mol-1 s-1 
<kХ>×107  
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Table 5. Comparison of the values of recombination rate constants for nitroxide TEMPO and macro 
radicals and their low-mass analogs.  
Macroradical 
kТ×107       
L mol-1s-1 
kSG1×107    
L mol-1s-1 
Low-mass analog 
kТ×107      
L mol-1s-1 







16  [15] 
30  [4] 
0.25 [4] 
0,31 [14] 
PMA 5** 0.7 
Cum-MA 
tBuOC(O)CH.CH3 
50  [4]  
15 [4] 
PMMA 0.2 [53]  Cum-MMA 2    [4]  
* - average literature data [1, 21, 24, 28] 
** - average literature data [14, 21] 
 
Table 6. Literature data for recombination rate constants of different low-mass radicals with 
nitroxides. 
Radical Nitroxide 
kX ×107  

























































where TMIO −1,1,3,3-tetramethylisoindoline-N-oxyl, ABNO − 9-azabicyclo[3.3.1]nonane-N-oxyl, 
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Figure 4. Kinetic curves of nitroxides consumption: 2,4,6 – TEMPO, 1,3,5 – SG1 in styrene 
polymerization in the systems: TEMPO (0.01 mmol L-1) – SG1 (0.03 mmol L-1), TEMPO (0,005 
mmol L-1) – SG1 (0.1 mmol L-1), ТЕМPО (0.001 mmol L-1) – SG1 (0.2 mmol L-1). [CPC]=10 
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Figure 5. Kinetic curves of nitroxides consumption: TEMPO (2, 4, 6, 8) and Galvinoxyl (1, 3, 5, 7) 
in styrene polymerization in the systems:  TEMPO (0.02 mmol L-1) − Galvinoxyl (0.005 mmol L-1), 
TEMPO (0.05 mmol L-1) − Galvinoxyl (0.01 mmol L-1), TEMPO (0.1 mmol L-1) − Galvinoxyl 
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Lors de ce travail, nous avons déterminé les grandeurs caractéristiques des réaction de 
terminaison réversible dans le processus de polymérisation radicalaire contrôlée par l’intermédiaire 
de nitroxyde (NMP), c'est-à-dire les valeurs des constantes de vitesse d’activation des adduits 
«dormants» PS-SG1 et PAA-SG1, mais aussi  les valeurs des constantes de vitesse  de désactivation 
de macroradicaux en croissance par la reaction croisée avec un autre nitroxyde. Ces résultats sont 
importants pour la compréhension de la cinétique et du mécanisme de NMP et pour le meilleur 
contrôle lors de la polymérisation. 
 
Les mesures expérimentales directes de la constante de vitesse de recombinaison entre 
macroradical et nitroxyde ont été effectuée par la méthode d'inhibition compétitive par résonance 
paramagnétique électronique RPE. Cette méthode combine les réactions concurrentielles des 
nitroxydes stables avec des radicaux en croissance et la mesure des concentrations en nitroxydes par 
RPE.  
 
Nous avons constaté que la vitesse de recombinaison dépend de la nature du macroradical, 
i.e. les radicaux PS « non-actifs » réagissent avec les radicaux stables plus sélectivement que les 
radicaux acrylates « actifs ».  
 
En effet, nous avons pu démontré que les valeurs des constantes de vitesse de décomposition 
de macro-alcoxyamines PS-SG1 et PAA-SG1 croissent avec l'augmentation de la polarité du 
solvant qui facilite la décomposition des adduits et conduit à deux conséquences importantes : 
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1) la possibilité d'impliquer des nouveaux monomères en NMP,  
 
2) et la ré-initiation plus fréquente rend le processus plus semblable à la polymérisation 
vivant ionique permettant de tendre vers la synthèse des polymères dont les valeurs des 






























Synthèse et étude des propriétés en milieu aqueux de copolymères 
















Introduction générale. 56 
1. Abstract 60 
2. Introduction 61 
3. Experimental part 66 
4. Synthesis of block-gradient copolymers. 69 
5. pH-controlled association in water 69 
 5.1. DLS-measurements 77 
 5.2. Potentiometric titration 81 
 5.3. SANS-measurements 83 
6. Effect of Ionic strength 87 
7. TEM 90 
8. Conclusion 93 
Supporting information 95 












Chapitre II :  Synthèse et étude des propriétés en milieu aqueux de copolymères amphiphiles à 





Dans ce chapitre, nous présentons les résultats de la synthèse et l'étude de l'auto-assemblage 
des copolymères amphiphiles à gradient de styrène et d’acide acrylique. Le travail sera présenté 
sous la forme d’un article publié dans Soft Matter 2012, 8, 7649-7659.  
 
La synthèse des copolymères «intelligents» capables de répondre à des stimuli externes ont 
attiré une attention croissante les dernières années. Comme stimulus externe, on peut choisir le pH, 
la température, le champ electrique ou magnétique... Les stimuli qui peuvent être facilement 
changés en milieu aqueux sont le pH et la force ionique. Par conséquent, les copolymères 
amphiphiles solubles dans l'eau sont très prometteurs pour l’élaboration de matériaux sensibles. Il 
est connu que les copolymères à bloc de styrène et d’acide acrylique forment des micelles 
sphériques dans l'eau, mais quand ces micelles sont apparues dans la solution elles ne peuvent pas 
changer leur nombre d’agrégation, c'est à dire qu'elles sont "gelées" [1-6]. 
 
Ainsi, nous  nous sommes intéressés à l’élaboration de copolymères à base de styrène et 
d’acide acrylique qui sont capables d'association réversible dans l'eau, c’est-à-dire ils peuvent 
changer leur nombre d'agrégation et leur taille lors de changement du pH ou de la force ionique de 
la solution. 
 
Nous avons ainsi synthétisé une classe de copolymères particulière – les copolymères 
diblocs à gradient de ST et AA, où le premier bloc est un bloc poly(acide acrylique) pur et le  
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second bloc est un bloc à gradient de ST et AA. Nous avons utilisé la polymérization radicalaire 
contrôlée par l’intermédiaire d’un nitroxyde (NMP) lors d’un procédé « one-pot » ce qui permet 
l'ajout de styrène et la poursuite de la copolymérisation sans purification, après polymérisation de 
l’acide acrylique lors de la synthèse du premier bloc PAA. Ce procédé permet de synthétiser des 
copolymères de type PAA-b-(PAA-grad-PS). Nous avons constaté que des rapports de réactivité de 
l'acide acrylique et styrène en présence du macroamorceur (bloc de PAA) sont différents des 
valeurs estimées dans la littérature en présence d’amorceurs moléculaires. Ces valeurs de rapports 
de réactivité pour notre système PAA-b-(PAA-grad-PS) sont en accord avec la structure à gradient 
du second bloc. La RMN du proton a été utilisée pour remonter à la compostion instantanée le long 
des chaînes des copolymères.  
 
L'auto-assemblage des copolymères à gradient PAA-b-(PAA-grad-PS) dans l'eau a été étudiée par 
la technique de diffusion de lumière (DLS), diffusion de neutrons aux petits angles (SANS) et 
microscopie électronique en transmission (TEM). A pH basique, le copolymère existe en solution 
sous forme d’unimères (les chaînes de copolymère sont chargées et isolées). La diminution du pH 
conduit à la formation des nano-agrégats et leur taille augmente avec la diminution du pH. Cette 
augmentation de la taille des micelles est conditionnée par la croissance du nombre d’agrégation, 
c'est-à-dire par le changement de la taille du cœur de l’agrégat. La force des interactions cohésives 
nettes entre les blocs à gradient terminaux dépend de l’ionisation des unités d’acide acrylique qui 
est contrôlée directement par le pH. De plus, nous avons demontré la réversibilité de la formation 
des micelles. En effet, lors d’une augmentation du pH, nous avons observé la disparation des 
micelles en solution à cause de l’ionisation des unités d’acide acrylique. Les agrégats formés par les 
copolymères diblocs à gradient ne sont donc plus «gelés» comme le sont ceux formés par les 
copolymères à bloc PAA-b-PS, mais «dynamiques».   
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A novel type of amphiphilic ionic copolymers comprising a hydrophilic poly(acrylic acid) PAA 
block and an amphiphilic poly(acrylic acid)-grad-poly(styrene) PAA-grad-PS copolymer block was 
synthesized using a one step direct Nitroxide-Mediated Polymerization (NMP).  A strong influence 
of the macroinitiator on the values of the reactivity ratios of the co-monomers is confirmed by 1H 
NMR.  The aggregation behaviour of the copolymers in aqueous medium was studied by Small-
Angle Neutron Scattering and Dynamic Light Scattering (SANS, DLS) and by Transmission 
Electron Microscopy (TEM) in a wide range of pH and ionic strengths. It has been demonstrated 
that PAA-b-(PAA-grad-PS) copolymers are soluble in alkaline water at room temperature without 
the special experimental procedures (addition of co-solvent, heating, etc.) that are usually required 
for solubilisation of classical PAA-b-PS diblock copolymers. The self-assembly of the PAA-b-
(PAA-grad-PS) copolymers into nano-scale aggregates at low/moderate pH and/or high ionic 
strength was demonstrated by SANS and DLS experiments. The SANS spectra for the copolymer 
solution exhibit a correlation peak pointing to the formation of micelles with repulsive coronae.  
TEM images indicate that the micelles have an approximately spherical shape and exhibit a wide 
size distribution.  Our results prove, that in contrast to “frozen” aggregates formed by PAA-b-PS 
copolymers in aqueous media, the micelles of PAA-b-(PAA-grad-PS) amphiphilic copolymers 
exhibit “dynamic”, pH-responsive properties, i.e., they can reversibly change the aggregation 
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Amphiphilic block copolymers comprising hydrophobic and hydrophilic (ionic) blocks 
present the generic type of ionic polymeric amphiphiles. Self-assembly of amphiphilic ionic 
macromolecules in aqueous environment gives rise to a diverse spectrum of nano-aggregates. The 
morphology of the aggregates formed (spherical or cylindrical worm-like micelles, lamellar sheets, 
toroïds, vesicles, etc.) strongly depends on the intra-molecular hydrophobic/hydrophilic balance 1. If 
a dynamic equilibrium persists in the copolymer solution, then the structure and even the 
morphology of the aggregates can be affected by varying external conditions (temperature, salinity, 
pH). These stimuli-responsive properties of the copolymer nano-aggregates make them attractive 
for multiple applications ranging from nano-electronics to agro-chemistry and nano-medicine. In 
particular, the most promising multi-target application of amphiphilic copolymers is the design of 
intelligent nano-containers, which can be used for encapsulation of a hydrophobic substance (e.g. 
drugs) inside a water-soluble nano-particle; the transport of the nano-particles through a hydrophilic 
environment and the controlled localized release of encapsulated substance as a response to specific 
locally acting stimuli (temperature, salinity, pH, etc.). Though generally accepted on the conceptual 
level, this strategy of controlled delivery and release requires the design of the “intelligent” 
macromolecules capable of performing their function of assembly into aggregates that are stable in 
a wide range of conditions, but can be efficiently destabilized upon a relatively weak change in 
external conditions.  
The self-assembly of such “classical” ionic polymeric amphiphiles as poly(acrylic acid)-
block-poly(styrene), PAA-b-PS,  in water have been amply studied in the past two  
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decades.2-7 These copolymers were the most popular because even the short PS block provides a 
strong driving force for association of the copolymer chains into micelle-like aggregates consisting 
in water of a collapsed PS core surrounded by charged hydrated PAA coronae. The strong 
hydrophobicity of the core-forming PS block is necessary to overcome the electrostatic repulsion 
between coronal blocks thus ensuring the stability of the aggregates. At the same time, due to the 
relatively high glass transition temperature Tg for PS the core exists in a glassy state, which makes it 
impossible to re-structure aggregates upon changing interactions in the corona. Moreover, a special 
experimental procedure is normally used for the preparation of these micelles (high temperature, co-
solvents), while at ambient conditions in water the cores of the micelles are “frozen” and thus the 
micelles are reminiscent of colloidal polyelectrolyte brushes with a fixed number of polyelectrolyte 
chains tethered to a hydrophobic core.8-11  
Significant efforts have been made to synthesize block-copolymers in which a pH sensitive 
polyelectrolyte (PAA or PMAA) is linked to a “soft” hydrophobic block (e.g. poly(isobutylene) 
(PIB)) which on the one hand is strongly hydrophobic and on the other hand exhibits a low Tg so 
that the cores of the appearing micelles are in elastomeric state.12,13 The temperature-triggered 
micellization was observed in a solution of block copolymers comprising a thermosensitive poly(N-
isopropylacrylamide) PNIPAM block linked to a weak polybase poly(dimethylaminoethyl 
methacrylate), PDMAEMA, block.14 It was demonstrated that at temperature exceeding the lower 
critical solution temperature (LCST) for the PNIPAM blocks, the variation in pH induces abrupt 
structural transitions in the micelles, which is in agreement with theoretical predictions15  
A novel strategy for the design of amphiphilic macromolecules that are capable of self-
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engineering approach and assumes copolymerization of strongly hydrophobic and hydrophilic 
monomers within the associating block. Here two important issues arise: (i) proper combination and 
sequence of co-monomers in the core-forming block and (ii) proper choice of synthesis conditions, 
i.e., reactivities of the co-monomers, common initiator and proper reaction mixture composition. 
Nowadays, polymer chemistry has made substantial progress in the design of novel 
amphiphilic copolymers with well-defined macromolecular architectures by means of 
‘‘living’’/controlled radical polymerization (Reversible Addition-Fragmentation Transfer (RAFT)  
16-20
, Atom Transfer Radical polymerization (ATRP)7,21,22,29, Nitroxide-Mediated radical 
Polymerization (NMP) 23-26, anionic polymerization 27 and ring-opening polymerization).28 
Recently, increasing interest has been again paid to the copolymers of styrene and acrylic 
acid. Charleux et al. 29 demonstrated the possibility of direct Nitroxide-Mediated Polymerization of 
acrylic acid in presence of an alkoxyamine initiator (SG1-based alkoxyamine – MONAMS), 
nitroxide SG1 and dioxane as the solvent, avoiding the transfer reaction. Moreover, a low-molar-
mass poly(acrylic acid) with a narrow molar-mass distribution, prepared by SG1 nitroxide-mediated 
controlled radical polymerization, was used for chain extension with styrene and n-butyl acrylate 
thus demonstrating the ability of the homopolymer to initiate the polymerization of a second 
block.29 To prepare amphiphilic PAA-b-PS  diblock copolymers by NMP, a two-step method using 
a short polystyrene macro-initiator leading to a broad range of copolymer molar masses was also 
employed by Billon et al. 30  
An alternative method which allows us to obtain copolymers of acrylic acid and styrene 
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terminating the reaction and purification of the acrylic acid block (as is traditionally done upon 
synthesis of the diblock copolymers) styrene is added and the reaction is maintained.  As a result of 
such copolymerization one can introduce hydrophilic (acrylic acid) units into a hydrophobic styrene 
moiety. As has been shown before 31,32 this leads to “plastification” of the styrene-rich domains and 
enhanced responsiveness of the nano-aggregates formed by such copolymers in aqueous solutions. 
The sequence of the second block of the obtained copolymer depends on the composition of the co-
monomer mixture at the start of the copolymerization and on the reactivity ratios of the monomers. 
For each monomer pair the reactivity ratios could be different depending on the 
polymerization conditions. In ref. 33, the reactivity ratios of styrene and acrylic acid were 
determined in dioxane as a solvent at 1200С and with alkoxyamine MONAMS as the initiator. In 
ref.  34, the authors used the Blocbuilder instead of MONAMS under the same conditions. 
Harrisson et al. 16 determined the reactivity ratios of styrene and acrylic acid for RAFT-
polymerization at 500C in bulk. In other works the reactivity ratios for styrene and acrylic acid were 
determined for classical radical polymerization under various conditions.35-39 Knowing the 
reactivity ratios, one can obtain statistical34 or gradient copolymers33, 16 of styrene and acrylic acid 
by tuning the initial proportion of monomers. 
Gradient copolymers are of great interest because their unusual chemical sequence leads to 
special bulk and solution properties of copolymers.40-42 The associative properties of the 
amphiphilic gradient copolymers in selective solvents and, in particular, their ability to self-
assemble into well-defined nano-structures remain a matter of debate in literature. In ref. 24, the 
solution behaviour of the gradient copolymers of acrylic acid and styrene with approximately 70% 
of acrylic acid units was studied. It was found that these copolymers do not form micelles in 
aqueous solutions even at relatively high salt concentrations. Only loose  
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aggregates of the copolymers were detected in light scattering experiments.  The authors of ref. 24 
anticipate that the Coulomb repulsion of the acrylic acid units separating the styrene segments 
efficiently prevents the self-assembly. Monte Carlo simulation 43 was employed to study the self-
assembly of amphiphilic gradient copolymers, which differ with respect to the steepness of the 
gradient of the local composition along the chain.  It was demonstrated that association behaviour 
does not depend solely on the net composition of the copolymers, but on the sequence of monomer 
units as well: in contrast to diblock copolymers, which form well-defined spherical micelles in a 
selective solvent, copolymers with a smooth gradient of composition associate into aggregates with 
ill-defined shapes and a wide size distribution.  
In this work we report on the synthesis and comprehensive studies of the self-assembly in 
aqueous solution of a novel type of amphiphilic block-gradient copolymers of styrene and acrylic 
acid comprising from 61% to 76% of the acrylic acid units. Despite the high fraction of acrylic acid 
units in the copolymer as a whole, the block-gradient sequence of the chain assures a relatively high 
local concentration of styrene units in the styrene-rich gradient block. As a result the electrostatic 
repulsion between the acrylic acid groups is not strong enough to prevent aggregation of styrene-
rich blocks and formation of micelles. However, the presence of acrylic acid units in the associating 
blocks leads to distinctive features, i.e., the dynamic, reversible nature of the pH-controlled 
association of block-gradient copolymers, as compared to that of conventional block copolymers 
with the same composition. 
The rest of the paper is organized as follows: after describing the synthetic approach, the 
determination of reactivity ratios for the monomers and chemical characterization of the 
copolymers, we present the results of our studies on the pH- and salt-controlled self-assembly by 
means of Dynamic Light and Small Angle Neutron Scattering (DLS, SANS),  
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potentiometric titration, as well as images of the self-assembled nano-structures obtained by 
Transmission Electron Microscopy (TEM). 
 
Experimental  part 
 
Materials 
Styrene (99%, St) and acrylic acid (99%, acrylic acid) were used as received from Aldrich. The 
alkoxyamine, 2-methylaminoxypropionic-SG1 (BlocBuilder or MAMA, 99%), as the initiator, and 
N-tert-butyl-(1-diethyl-phosphono-2,2-dimethylpropyl) nitroxide (SG1, 88%), as the counter 
radical, were kindly provided by Arkema Chemicals. All solvents and reagents were used as 
received without further purification. 
 
Synthesis of PAA-b-(PAA-grad-PS).  
 
In the first step, the NMP of acrylic acid was performed in 1,4-dioxane with MAMA (I) as the 
initiator ([M]/[I]=230 with [M]=3 mol.L-1) and a slight excess of SG1 ([SG1]/[I]=0.09). After four 
hours of polymerization, the conversion is evaluated from a sampling by NMR. An amount of 
styrene equal to that of the residual acrylic acid was then added to the solution ([St] = 1.35 mol.L-1).  
 
Determination of reactivity ratios. 
The reactivity ratios of styrene and acrylic acid were determined from kinetic measurements in four 
experiments with different initial monomers ratios: the fraction of acrylic acid was varied from 20% 
to 80% in the co-monomer mixture. The aliquots were taken during copolymerization and the 
copolymer composition, monomers ratio and conversion of each monomer were determined by 
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1H NMR. The polyacrylic acid macroalkoxyamine was used as an initiator. The conditions of the 
experiment were the same as for the synthesis of PAA-b-(PAA-grad-PS) copolymers. 
 
 
Nuclear Magnetic Resonance Spectroscopy (NMR).  
Conversion of styrene and acrylic acid and copolymer composition were determined by 1H NMR in 




Size Exclusion Chromatography (SEC).  
Molar mass and molar mass distribution of copolymers were determined at 40°C using Size 
Exclusion Chromatography (SEC). Characterizations were performed using a Viscotek system with 
THF as eluent at a flow rate of 1 mL/min. The chromatographic device was equipped with four 
Styragel columns HR 0.5, 2, 4, and 6 working in series at 40 °C and refractive index detector. A 
calibration curve was established with low polymolecularity index polystyrene standards, and 
toluene was used as an internal standard for the system.  
 
 
Small Angle Neutron Scattering 
 
SANS experiments were done with the PAXY diffractometer at the Laboratoire Léon Brillouin 
(CEA Saclay, France). Samples were prepared in D2O at a concentration of 100 mg mL-1. The pH 
was adjusted by the addition of a highly concentrated solution of NaOD and DCL in D2O. 
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Absolute intensities were obtained by reference to the attenuated direct beam and the scattering of 
the pure solvent was subtracted. 
 
Dynamic Light Scattering 
 
The dynamic light scattering was measured at an angle of 1730 on a Nano-ZS, Model ZEN3600 
(Malvern, UK) zetasizer. A He-Ne 4,0 mW power laser was used operating at 633 nm wavelength. 
The apparatus with connected MPT2 autotitrator was used mainly for automated measurement of 
pH dependences of particle size (RH) and scattering intensity (Is). For evaluation of data, the 
DTS(Nano) program was used. The mean positions of the peaks in intensity-hydrodynamic radius 
(RH) distribution were taken for data representation. The hydrodynamic radius RH of the particles is 
calculated from the diffusion coefficient using the Stokes-Einstein equation B / 6 HD k T Rpiη= , where 




In order to determine the degree of ionization of the copolymer as a function of pH, we performed a 
potentiometric titration of the copolymer PAA100-b-(PS-grad-PAA)70 (D2) and, as a reference, of a 
linear PAA. PAA of the molecular weight 8000 g mol-1 was obtained by the same method as 
described above for the first step of the synthesis of block-gradient copolymers. Both the D2 
copolymer and the PAA were dissolved in water with an excess of NaOH at 1 wt% concentration 
and were titrated with 1 M HCl.  The overall change in volume in the titration process was about 
10%. We added sodium chloride to the solution at a concentration of 0.01 mol L-1. 
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Under these conditions the relative change in ionic strength during titration is negligible. We used 
the WTW pH 3310 SET 3 pH meter with temperature control. 
 
Transmission Electron Microscopy (TEM) 
 
TEM measurements were performed on a JEM 200CX microscope (Jeol, Japan). A drop was 
deposited on a thin carbon sheet; after 1 minute the excess liquid was removed with blotting paper, 
and then the sample was put in the high vacuum of the microscope to evaporate any remaining 
water. All microphotographs were taken at an acceleration voltage 100 kV and recorded with a 
digital camera. Brightness, contrast and gamma corrections were performed with standard software.  
 
 
Results and discussion 
 
Synthesis of block-gradient copolymers.  
The synthesis of the copolymers was performed in dioxane at 120 0C in the presence of 
alkoxyamine (Blocbuilder) as an initiator and a slight excess of nitroxide SG1 (9%) to avoid side 
reactions and to ensure good control of the chain growth.  
The NMP of acrylic acid was performed over four hours and then an amount of styrene equal to the 
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We used two methods of styrene addition after the polymerization of acrylic acid: batch and 
semi-batch techniques. In the batch method we added  the whole amount of styrene in one step and 
in the semi-batch method we used a pump to add styrene continuously during some time (30 min 
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Table 1. Macromolecular characteristics of the block-gradient copolymers. 


















D1e 15 300 90 80 61 45 0.34 0.66 
D2f 14 000 100 70 75 46 0.27 0.73 
D3e 17 000 70 100 76 48 0.36 0.64 
D4f 21 000 90 160 70 38 0.32 0.68 
        
a
 number average molecular weight determined by SEC in THF after methylation, b degree 
of polymerization of PAA- and gradient blocks determined by NMR, c final conversion of monomers 
determined by NMR, d molar fraction of styrene and acrylic acid in the final copolymers determined 
by NMR, e block-gradient copolymers obtained by batch technique, f  block-gradient copolymers 
obtained by semi-batch technique. 
 
During the synthesis of the copolymers, aliquots were removed and analyzed by 1H NMR in 
order to determine the monomer conversion and the composition of the chain as a function of time. 
We determined the conversion of the two monomers in the feed and also the fraction and the 
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Figure 1. 1H NMR spectrum of the amphiphlic diblock copolymer D2 synthesized by direct 
nitroxide-mediated radical polymerization.  
 
The 1H NMR spectra of the copolymers reveal the presence of two different blocks 
corresponding to the characteristic peaks of styrene units (6–8 ppm) and the carboxylic group of 
acrylic acid units (12.4 ppm), respectively. The copolymers were chemically modified by 
methylation in order to form a totally organic-soluble polymer, and were characterized by SEC in 
THF.7 The macromolecular characteristics of the synthesized block-gradient copolymers are 
presented in Table 1.  
The reactivity ratios of styrene and acrylic acid obtained earlier by different groups 33-39 
were determined for copolymerization in different solvents where each initiator was a low-mass 
substance of a different nature (AIBN, BPO, MONAMS, Blocbuilder). As is pointed out in ref. 16, 
the solvent and the temperature have a great influence on the reactivity ratios values for the 
monomer system styrene-acrylic acid due to the formation of hydrogen-bonded dimers of acrylic 
acid which then participate in copolymerization. In our system the role of initiator is played by 
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of the macroinitiator has a major influence on the values of the reactivity ratios of styrene and 
acrylic acid. Indeed, it is known that copolymerization of some monomer pairs (e.g., styrene–
acrylamide and styrene–acrylic acid) is characterized by the selective sorption of one of the 
monomers inside the growing coil of the macroradical (so-called bootstrap effect).40, 44-46 The longer 
the growing chain is the stronger the bootstrap effect. As a result, the micro surrounding of the 
active center steadily changes during chain growth: the medium inside the coil is enriched in the 
monomer, which has an affinity to the growing polymer chain.  The macroinitiator-PAA used in our 
case for the synthesis of the second block is able to form hydrogen bonds with acrylic acid 
monomers.  This leads to a micro surrounding of the active centre located on the PAA chain 
enriched by acrylic acid monomers.   Access to the active center is facilitated for acrylic acid by the 
specific interactions between the monomers and the polymer and thereby the growing chain end is 
“screened” by acrylic acid from styrene. In practice this results in the more rapid consumption of 
acrylic acid monomers in the course of copolymerization because of their preferential location near 
the active centre and in the gradual increase of the content of styrene units in the copolymer chain 
because of the decrease in the concentration of acrylic acid monomers during the process.  
We determined the reactivity ratios of styrene and acrylic acid for our particular 
copolymerization system.  The monomers fractions in the monomer feed and in the copolymer as 
well as a total conversion of both monomers were followed by 1H NMR for four different initial 
monomer ratios. The reactivity ratios were calculated afterwards by two methods: the Fineman-
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=  is the monomer ratio in the 
copolymer.   
The reactivity ratios for both monomers are derived from the slope and the intercept of the curve 
plotted in the coordinates of the Fineman-Ross equation (see Fig. SI-1a, ESI).  
 
In the Kelen-Tüdos method the linearization is applied with a correction for data scattering using 













. The plot (Figure SI-1b, ESI) constructed in 
coordinates of equation (2) gives the reactivity ratio for monomers form the slope of the curve and 








































The results are presented in Table 2.  
 
Table 2. Reactivity ratios determined by Fineman-Ross and Kelen-Tüdos methods. 
 Fineman-Ross  Kelen-Tüdos  
r1 (styrene) 0.22±0.01 0.23±0.03 
r2 (acrylic acid) 0.88±0.04 0.91±0.01 
 
Theoretical calculations based on the terminal model 49 predict how the instantaneous 
fraction of acrylic acid monomer units in the copolymer changes during chain growth  
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depending on the reactivity ratios and the initial proportion of the monomers at the beginning of 
copolymerization. Such theoretical gradient profiles calculated for batch copolymerization (samples 
D1 and D3) using the values of the reactivity ratios obtained, as described  above,  for our system 
are plotted in Figure 2. According to the theory, the copolymers synthesized by our one-pot method 
should exhibit a clear gradient structure in the second block. 



















Figure 2. Composition profiles (instantaneous fraction of acrylic acid monomer units in the second 
block) as a function of conversion calculated theoretically for samples D1 (solid line) and D3 (dash 
line). 
In order to gain insight into the microstructure of the copolymer chains, i.e. the composition 
gradient profile, the instantaneous fraction for each type of monomer units was determined from 









= ,          (3) 
 
where (% conv)1 and [M1]0 signify the conversion and the initial concentration of monomer 1, 
respectively. Such an equation has been used previously 41, 50, 51 to represent the evolution of  
 76 
Chapitre II :  Synthèse et étude des propriétés en milieu aqueux de copolymères amphiphiles à 
gradient à base de styrène et acide acrylique 
 
the instantaneous composition profile in different gradient copolymers. Herein, the obtained 
composition profiles (Figure 3) show that the instantaneous fraction of acrylic acid in the growing 
chain decreases continuously after the addition of styrene, which proves the gradient structure of the 
obtained copolymers. This result is in good agreement with the theoretical calculations presented 
above (Figure 2). The initial plateaus at instF (AA)=1 in the experimental curves correspond to the 
first pure-PAA block of the copolymers. 
The special microenvironment of the macroalkoxyamine, which initiates the 
copolymerization can explain the similarity of the obtained gradient profiles for the batch and semi-
batch techniques: the rate (slow or fast) of addition of styrene at the beginning of copolymerization 
does not change the surroundings of the active centre, and acrylic acid is consumed faster than 
styrene regardless of the method of styrene addition.  
 




















Figure 3. Instantaneous fraction of acrylic acid units as a function of the monomer ranking number 
along the chain (counted from the beginning of the first pure PAA block and normalized by the total 
chain length) obtained from 1H NMR. 
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As one can see from gradient profiles, all copolymers reveal practically the same gradient structure 
in the second block. Consequently, the results obtained by DLS, SANS and TEM are very similar 
for these four samples. Therefore, in further discussion of the self-assembly properties, we present 
the results only for one chosen sample –  PAA100-b-(PS-grad-PAA)70 (D2). The results obtained for 
other copolymers are given in the ESI. 
 
 
pH-controlled association in water 
Dynamic light scattering (DLS).  
The DLS-measurements were performed in aqueous solutions of copolymers at a concentration of 
0.1%. The copolymers were dissolved in water at pH 11-12 and then the pH was decreased by the 
addition of small portions of concentrated HCl. The DLS-titration curve for the block-gradient 
copolymer obtained by this method is presented in Figure 4. The curve exhibits a quasi-plateau 
range corresponding to RH ≈ 4.5 nm at pH 7.5≥ , whereas at pH 7.5≤  the apparent hydrodynamic 
radius increases continuously with decreasing pH (See Fig.SI-2 in the ESI for the DLS-titration 
curves of other copolymers).   
From the DLS-titration curve we can conclude that at pH≥7.5 the block-gradient copolymer 
remains in the molecularly dissolved state due to the strong electrostatic repulsions acting between 
completely ionized acrylic acid units.  An increase in RH, observed upon a decrease in pH below a 
certain threshold value, can be attributed to the association of the block-gradient copolymer into 
micelle-like aggregates (Scheme 2).  These aggregates presumably consist of hydrophobic styrene-
rich domains stabilized by hydrophilic coronae formed by acrylic acid blocks. A decrease in pH 
leads to progressive protonation of the acrylic acid units and weakening of the inter-molecular 
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Coulomb repulsion.  Remarkably, the onset of association corresponds to the pH value which is 
noticeably larger than pKa ≈ 4.5 for the acrylic acid. In other words, at pH ≈ 7.5 virtually all the 
acrylic acid monomer units in the individual copolymer chains are still ionized (charged). However, 
formation of hydrophobic styrene-rich domains upon association of the terminal gradient blocks 
leads to significant lowering of the local dielectric constant and, consequently, suppressed 
ionization of the acrylic acid monomer units included in the gradient blocks. Moreover, the 
ionization of the acrylic acid units in the pure hydrophilic acrylic acid block is also partially 
suppressed upon association.1 This explains, why inter-molecular association starts at pH> pKa. 
Hence, the DLS-titration results can be interpreted in terms of inter-molecular association 
(micellization) of the block-gradient copolymers induced by lowering of the pH which leads to 
partial protonation (neutralization) of the acrylic acid units both in the coronal and associating 
blocks.  
A remarkable feature of the DLS-titration curve presented in Figure 4 is a smooth increase in 
RH upon a decrease in pH below pH ≈ 7.5. This observation points to relatively low cooperativity of 
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Scheme 2. Scheme of reversible micelle formation in a solution of block-gradient copolymer.  
 
The experiment to determine the auto-correlation decay rate at different angles and analysis of 
the concentration dependence of the apparent diffusion coefficient were performed in a 0.05 wt% 
solution of block-gradient copolymer at pH 5.4. The observed q2-dependence of the decay rate is 
linear; this perfect linearity ensures that the dynamic modes detected by these measurements 
correspond to translational diffusion of the scatterers (see Figure SI-3, ESI). The slop of this curve 
gives the translation diffusion coefficient (Dt=2.43x10-15 cm2s-1). The diffusion coefficient is 
practically independent of the copolymer concentration in solution. Such weak concentrational 
dependence of the apparent diffusion coefficient is in agreement with the literature for uncharged 
polymers.52 Extrapolation to the zero-concentration gives the value of the D0=2.32x10-15 cm2s-1. 
The addition of salt (0.1 M) in both experiments leads to the slight lowering of Dt and D0 (increase 
in RH).  
Remarkably, the pH-controlled micellization of the block-gradient copolymer is totally 
reversible. To prove this, we realized a cyclic measurement: the pH was decreased and then  
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increased in the same solution. The curves obtained in this experiment match perfectly (see Figure 
5). The amount of salt (≈10-2 M) generated in cyclic experiment is not sufficient to affect 
significantly the results of the experiment. 



















  Figure 4. DLS-titration curve for solution of the block-copolymer PAA100-b-(PS-grad-
PAA)70 at concentration C=1 g L-1; the solid line is a guide for the eye. 






































Figure 5. DLS-cyclic measurement in a solution of block-gradient copolymer PAA100-b-
(PS-grad-PAA)70 at concentration C=1 g L-1. Filled symbols correspond to decreasing pH and open 
symbols correspond to increasing pH. (left) and SANS–cyclic measurements in solution of block-
gradient copolymer at concentration C=100 g L-1. Filled symbols correspond to decreasing pH and 
open symbols correspond to increasing pH (right). 
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We remind the reader that micelles formed by PAA-b-PS block copolymers with the same 
total composition are kinetically frozen at ambient conditions, i.e., the PS core domains are found in 
a glassy state and, consequently, the aggregation number cannot be changed by variation the pH. 
Hence, incorporation of the acrylic acid units in the gradient sequence into the hydrophobic domain 
has a major influence on the dynamics of the pH-induced re-arrangement of the hydrophobic 




We performed potentiometric titration of the block-copolymer and of a linear PAA, which were 
dissolved in alkaline water with an excess of NaOH at 1 wt% concentration and then titrated by 
concentrated solution of strong acid (1 M HCl).  The degree of dissociation of the carboxyl groups 
in the copolymer or in the PAA chains was determined as ( ) [ ]Na Cl / COOHα + −   = −    , where 
[ ]COOH  is the total concentration of the carboxyl and carboxylate groups. Sodium chloride was 
added to the solution at a concentration of 0.01 mol L-1 in order to reduce the effect of increasing 
ionic strength of the solution on the shape of the titration curves. This salt concentration is lower 
than the intra-micelle concentration of the counterions. Hence, the anti-cooperative effect of the 
intra-micelle Coulomb interactions on the ionization of the chains associated into micelles 15 should 
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Figure 6. Degree of ionization of block-gradient copolymer PAA100-b-(PS-grad-PAA)70 (full 
squares) and PAA (open circles) as a function of pH.   
 
The dependence of the degree of ionization α on pH for the diblock copolymer and for the 
linear PAA is presented in Figure 6.  The apparent pKa can be estimated as pH at α =0.5. For pure 
PAA the apparent pKa is close to 4.5, in accordance with numerous reports in the literature. The 
titration curve for the copolymer is shifted to the higher pH with respect to the curve for PAA, in 
accordance with the theoretical predictions.15 This shift, and the higher value of the apparent pKa for 
the copolymers is explained by coupling between ionization and association of the copolymer 
chains into micelles.  Moreover, since acrylic acid monomer groups are presented both in the 
corona and in the core domains of the micelles, one could expect that they are titrated at different 
pH values.  In particular, ionization of the acrylic acid groups in the gradient blocks should be 
strongly suppressed upon association of the copolymer into micelles and formation of the 
hydrophobic styrene-rich domains. However, the titration curve for the copolymer has a smooth 
sigmoid shape without any special feature in the pH range corresponding to the onset of association 
followed by DLS and SANS. This can be attributed to the already mentioned low cooperativity of 
the association, manifested also in gradual increase in the apparent hydrodynamic radius of the 
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aggregates and in their wide size distribution (see below). 
 
Small angle neutron scattering (SANS) 
 
In order to further characterize the structure of the copolymer solutions and the shape of the 
aggregates, we performed SANS on solutions of the concentration 10 wt% (100 g L-1). This study 
was undertaken in heavy water (D2O) at different pH and ionic strengths of the solution. 
At pH ≤ 7.5, the scattering curves exhibit a characteristic peak localized at a scattering 
vector qmax, which confirms the presence of micelle-like aggregates with strongly repelling charged 
coronae (presumably, formed by acrylic acid blocks). The peak is absent at strongly basic pH, 
which confirms that there are no associations: at high pH, the acrylic acid units are ionized and the 
presence of these ionized units in the gradient blocks creates electrostatic repulsion, which prevents 
inter-molecular aggregation. This peak can be considered as a correlation peak between the 
scattering particles, and qmax is inversely proportional to the average distance between the scattering 
particles, d = 1.22 . 2π/qmax53a,b. The numerical coefficient in the latter relation was suggested in 
ref.53b and corresponds to regular packing of effective spheres in a face-centered cubic lattice. The 
correlation peak arises because of the corresponding peak in the inter-particle structure factor S(q) 
and indicates the presence of repulsive electrostatic interactions between the micelles.  
In the micellar solutions of classical diblock PAA-b-PS copolymers, a decrease in pH leads 
to a decrease in the intensity of the correlation peak due to protonation and concomitant shrinking 
of the acrylic acid coronal blocks, leading to weakening of the inter-micelle repulsion. At the same 
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pH, because the aggregation number and the concentration of micelles with “frozen” PS cores do 
not change upon variation in pH.6a,b 
The evolution of the correlation peak in solutions of block-gradient copolymers upon 
variation in pH is remarkably different: the intensity of the peak increases whereas the position of 
the peak is shifted towards a lower q value upon a decrease in pH. Both trends unambiguously 
indicate that a decrease in pH induces an increase in aggregation number (and an increase in the 
average inter-micelle spacing) and growth in size of the micelles. This finding confirms once again 
that micelles of the block-gradient copolymers are “dynamic”, i.e., are capable of changing their 
aggregation number as a function of the variable pH of the solution  

























  Figure 7.  Scattered intensity as a function of the scattering vector value for the PAA100-b-(PS-
grad-PAA)70  block-gradient copolymer in heavy water at concentration C=100 g L-1 at different 
pH.  
 
A remarkable feature of all the scattering curves (See Figure 7 and SI-4) is the presence of 
only one maximum (which is attributed to the first correlation peak in the  
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structure factor), whereas at larger q the scattering intensity decreases monotonously. The absence 
of any signatures of the form factor of scattering particles in the high q range of the scattering 
spectra is representative of ill-defined shape or wide distribution in the size of scattering particles. 
In order to get more quantitative information about the shape of the micelles, the scattering 
curves were fitted with a superposition of a structure factor S(q,RHS) of hard spheres with radius RHS 
calculated in the Percus-Yevick (PY) approximation 54 and a form factor F(q,Rg,,σ) for polydisperse 
spheres with the average radius gR and standard deviation  σ :  
I(q,RHS,Rg) = A·F(q,Rg,σ)S(q,RHS)+B                                 (4) 
where A and B are adjustable amplitude and background.  
The effective interaction radius RHS can be assimilated to the radius of the hydrated PAA 
coronae of the aggregates. Because of the much higher scattering contrast, the PS–rich core 
domains provide the major contribution to the form factor (the contribution of hydrated sparse 
coronae is negligible). Therefore the average radius Rg and standard deviation σ  of the hard sphere 
radius extracted from the form factor correspond to the dimensions of the polydisperse core 
domains. Remarkably, the radius of the hydrated corona is a weak function of the aggregation 
number.1 This justifies the use of a single interaction radius RHS for the structure factor of the 
ensemble of polydisperse spheres. 
An example of the fit of the scattering spectra with eqn (4) is presented in Figure 8. In 
Figure 9 we present the results of the fit of the SANS spectra for the effective interaction radius 
HSR and for the average form factor radius gR  for the micelles formed by the block-gradient 
copolymer as a function of pH. As expected, an increase in the aggregation number upon lowering 
the pH leads to an increase in both the effective interaction radius HSR  and in the average radius gR  
derived from the form-factor. The lower values for Rg conform to the fit  
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results, where it corresponds to the more dense central domain (including the micelle core), whereas 
HSR  measures the range of effective repulsion between the micelles. 








fit of data by







form factor of polydisperse spheres
Percus-Yevick structure factor x 10
 
Figure 8. Example of the fit of the scattering spectra for the block-gradient copolymer. 







































Figure 9. Percus-Yevick effective interaction radius RHS and the form factor average radius Rg 
obtained from the fit of the SANS spectra for the PAA100-b-(PS-grad-PAA)70  block-gradient 
copolymer. 
 
We see that the fit satisfactorily reproduced the main features of the scattering curves.  We 
remark that the fit employs the effective hard sphere potential to account for soft repulsion  
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Effect of the ionic strength  
 
The variation of the ionic strength of the solution by adding salt influences the strength of 
electrostatic interactions between charged monomer units. Therefore, micelles formed in aqueous 
solutions by amphiphilic ionic copolymers should exhibit responsive features with respect to 
variation in ionic strength. If the micelles are frozen, as in the case of PS-b-PAA block copolymers 
and cannot change the aggregation number, the addition of salt induces only conformational 
changes in the PAA coronal blocks, i.e., progressive shrinkage of the corona and decrease in the 
hydrodynamic radius of the micelles. (We recall that at pH ≈ pKa, addition of small amounts of salt 
may cause a weak increase in the degree of ionization and, consequently, in the stretching of the 
coronal PAA blocks, which is followed by pronounced shrinkage of the coronae at higher salt 
concentrations1). 
If there is a dynamic equilibrium between copolymers associated into micelles and those in 
the unimer state, then variation of the ionic strength affects also the association equilibrium. In 
general, the addition of salt to a solution of amphiphilic pH-sensitive copolymers may lead to quite 
a peculiar response in terms of variation in micellar size and aggregation number.15, 55 In particular, 
theory predicts that at pH ≈ pKa the initial increase in salt concentration may lead to an abrupt 
decrease in the aggregation number. However, at sufficiently high salt concentrations, screening of 
electrostatic interactions between ionized acrylic acid units by salt ions becomes a dominant effect. 
As a result of weakened inter- molecular electrostatic repulsions the aggregation number is 
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expected to increase. The combined effect on the measurable hydrodynamic radius of micelles is 
complex: for star-like micelles formed by strongly asymmetric copolymers with long 
polyelectrolyte blocks the RH is expected to decrease very weakly with increasing salt concentration 
due to the shrinkage of the corona. On the contrary, for copolymers with nearly symmetric 
composition or with longer core-forming blocks, an increase in core size leads to a growth in RH. 
The influence of the ionic strength of the solution on the size of the micelles formed by 
amphiphilic block-gradient copolymers was studied by a combination of DLS and SANS. As one 
can see from Figure 10, which represents the results of the DLS measurements, the hydrodynamic 
radius of micelles formed by our block-gradient copolymer at pH=6 continuously increases with 
increasing salt concentration.  
The SANS spectra obtained at different ionic strengths at pH=7 are presented in Figure 11a: 
a shift of the correlation peak position towards lower q values upon an increase in salt concentration 
confirms an increase in the aggregation number. Moreover, a concomitant growth in the peak 
intensity points to an increase in the effective (interaction) radius of the aggregates. The results of 
the quantitative fit of the SANS spectra are presented in Figure 11b and с. We see that at fixed pH 
an increase in salt concentration leads to an increase in aggregation number and to a concomitant 
increase in the effective interaction radius RHS. The effect of salt concentration on the micelle 
dimensions is more pronounced at lower pH. As one can see from comparison of Figures 10 and 11, 
there is a good correlation between the increase in hydrodynamic radius RH (DLS) and the increase 
in interaction radius RHS (SANS) of the equivalent hard spheres in the PY model. This is expected, 
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Figure 10. Influence of ionic strength on the size of the micelles. DLS measurements of the 
solution of the PAA100-b-(PS-grad-PAA)70  block-gradient copolymer at pH 6 and C=1 g L-1.                 
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Figure 11.  Influence of ionic strength on the size of the micelles. SANS measurements of the 
solution of the solution of block-gradient copolymer at pH 7 and C=100 g L-1 (a) and PY interaction 
radius RHS  (b) and aggregation number (c) obtained from the fit of the SANS spectra for the 
PAA100-b-(PS-grad-PAA)70  block-gradient copolymer at different pH and salt concentrations. 
 
Hence, a combination of DLS and SANS data indicates that the ionic strength of the solution has a 
strong effect on the aggregation behaviour of the block-gradient copolymers, thus proving again 
their capability to form dynamic, stimuli-responsive micelles. 
 
Transmission Electron Microscopy (TEM). 
 
In order to obtain ultimate proof that block-gradient copolymers can form well-defined 
spherical micelles in aqueous solution, we have used TEM imaging. The behaviour of the 
aggregates in film and in solution could be different due to the solvent evaporation and possible 
partial re-arrangement of the aggregates during the film formation. Nevertheless, TEM is widely 
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used for imaging of the block-copolymer aggregates formed in selective solvents because it gives 
clear evidence of the micelles’ shape and provides an estimate for the size of the micelle core. The 
image presented in Figure 12a clearly shows the ensemble of spherical aggregates. We suggest that 
the light gray domains seen in the micrographs correspond to the styrene-rich dense domains 
surrounded by collapsed corona (black contour due to solvent evaporation during sample 
preparation). The micrograph illustrates a large polydispersity in the size of the aggregates. The 
histogram of the size distribution of the core domains (Figure 12b) exhibits maxima around Rcore 
≈10 to 15 nm. A tentative explanation of the high polydispersity and shape fluctuations 
(asphericity) may be found in low surface tension at the gradient core-water interface caused by 
enrichment of the interface by acrylic acid monomer units. 
      























(a)        (b) 
Figure 12. TEM image and size distribution of the aggregates formed by block-gradient copolymer 
PAA100-b-(PS-grad-PAA)70. 
The wide size distribution of the micelles observed by TEM explains the absence of local 
maxima (or shoulders) in the SANS spectra, which could be expected for monodisperse spherical 
particles in the large q range. Furthermore, pronounced polydispersity of the micelles with respect 
to the aggregation number implies low cooperativity of the association, which correlates with the 
100nm 
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sigmoid shape of the potentiometric titration curves and with smooth variation of the hydrodynamic 
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We demonstrated that Nitroxide-Mediated Radical polymerization can be successively 
employed for the synthesis of block-gradient diblock copolymers comprising a hydrophilic block of 
polyacrylic acid and a terminal (associating) block with a gradient sequence of styrene and acrylic 
acid. The reactivity ratio for styrene and acrylic acid in copolymerization initiated by 
macroalkoxyamine – PAA are determined by 1H NMR.  It is found that the values of the apparent 
reactivity ratios are different from those determined previously for copolymerization of styrene and 
acrylic acid with the aid of a low-molecular weight initiator. The instantaneous (gradient) 
composition profiles of the styrene-co-acrylic acid blocks calculated using these reactivity ratios 
match well the results of the 1H NMR analysis.  Hence, for the first time the crucial role of the 
macroinitiator which can form hydrogen bonds with acrylic acid and thereby provide the selective 
consumption of this monomer, was demonstrated.   
 
Because of the presence of both hydrophobic styrene and pH-sensitive acrylic acid co-
monomer units in the terminal gradient blocks, the block-gradient copolymers are capable of 
reversible association into nano-scale aggregates (micelles) in aqueous solutions. By combining 
DLS and SANS methods we proved that a decrease in pH of the solution below a certain threshold 
leads to formation of the nano-scale aggregates, which disassemble upon subsequent increase in pH.  
Reversible changes of aggregation numbers in cycles of pH were observed. TEM images confirm 
that the aggregates are spherical micelles with styrene-rich core domains, which are characterized 
by a wide size distribution.  In contrast to poly(acrylic acid)-b-poly(styrene) copolymers with the 
same net composition, which form “frozen”  
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micelles in water, the block-gradient copolymers can form “dynamic” micelles capable of 
responding to variation in pH and ionic strength by reversible changes in the aggregation state.  
 The dynamic nature of association in the block-gradient copolymer solution is explained by 
the fact, that the strength of the net cohesive interactions between the terminal gradient blocks 
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1. Synthesis of block-gradient copolymers and kinetic of copolymerization.   
The reactivity ratios for styrene and acrylic acid were determined from the kinetic experiment using 
two methods: Finemann-Ross (r(St)=0.22±0.01, r(AA)=0.88±0.04) and Kelen-Tüdos 
(r(St)=0.23±0.03, r(AA)=0.91±0.01). 





































   (a)       (b) 
Figure SI-1. Kinetic data plotted in coordinates of Fineman-Ross (a) and Kelen-Tüdos (b) 
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2. DLS-measurements.  
 

















































































Figure SI-2. DLS-titration curves for solutions of diblock-copolymers D1, D2, D3, D4 at 
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Figure SI-3.  Auto-correlation function decay rate vs. q2 and concentration dependence of diffusion 
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3. SANS-measurements.  
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Figure SI-4. Scattered intensity as a function of the scattering vector value for diblock copolymers 
D1 and D4 in heavy water at concentration C=100 g L-1 at different pH.  
 
4. The model for fitting the results obtained in SANS-experiments. 
The form factor of polydisperse spheres is given by 
2 6( ) ( ( ) ( )cos(2 ) ( )sin(2 ))exp( 2( ) )) / 2 /g gF q a q b q qR c q qR q qσ= − + −  
with 
2 2 2( ) 1 ( )ga q q R σ= + +  
2 2 2 2 2( ) 1 ( ) 4( ) (1 ( ) )gb q q R q qσ σ σ= − + + +  
2( ) 2(1 2( ) ) gc q q qRσ= +  
where Rg is the average (form factor) radius of the sphere and σ  is the radius standard deviation. 
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with φ  the volume fraction of the equivalent hard spheres and RHS the hard sphere radius 
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                   (a)                                            (b)                                                     (c) 
 
Figure SI-5. TEM images of the aggregates formed by (a) D2, (b) D3, (c) D4. 
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Conclusion générale 
Nous avons démontré que les copolymères à gradient PAA-b-(PAA-grad-PS) comprenant 
un bloc hydrophile à base d'acide polyacrylique et un bloc terminal (associatif) avec une séquence à 
gradient de styrène et d'acide acrylique peut être obtenu par la polymérisation radicalaire contrôlée 
par l’intermédiaire d’un nitroxyde (NMP). La structure à gradient du second bloc est assurée par des 
rapports de réactivité intrinsèque entre le ST et l’AA en présence d’un macro-PAA. L'effet original 
de ce macroamorceur sur les valeurs des rapports de réactivité a été observé. Les profils de 
composition des gradient des blocs styrène-acide acrylique ont été calculé à partir des résultats de 
l'analyse RMN du proton et elles correspondent parfaitement avec les profils théoriquement prédits 
par l'utilisation de rapports de réactivité déterminées pour notre système. Ainsi, pour la première 
fois le rôle important de macroamorceur qui peut former des liaisons hydrogènes avec l'acide 
acrylique et amener ainsi à la consommation sélective de ce monomère a été démontrée. 
 
De plus, nous avons prouvé la formation réversible des micelles en milieu aqueux de 
copolymères à gradient par la combinaison des méthodes DLS et SANS. Ces propriétés réversibles 
associatives sont devenues possible dans les blocs à gradient terminaux, en raison de la présence au 
sein des unités styrène hydrophobes, des unités d’acide acrylique sensibles au pH. La croissance du 
rayon hydrodynamique des micelles lors d’une diminution du pH et/ou lors d'une augmentation de 
la force ionique a été observée. La forme sphérique des micelles avec un cœur riche en ST et la 
distribution large de la taille des micelles a été confirmé par TEM. 
 
Par conséquent, nous avons prouvé pour la première fois que les copolymères à gradient de 
styrène peuvent former des micelles «dynamiques» capables de réponses à une variation du pH et 
de la force ionique par des changements réversibles dans leur état d'agrégation. La nature  
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« dynamique » de l'association par rapport aux copolymères à bloc PAA-b-PS de même 
composition, mais qui forment des micelles « gelées » dans l'eau, est due à l'ionisation contrôlée par 
le pH des unités d’'acide acrylique au sein du premier bloc mais surtout par la modulation de 
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Nous avons montré dans le chapitre II la possibilité de synthétiser des copolymères diblocs à 
gradient de styrène et d'acide acrylique qui sont capables d’association réversible en solution 
aqueuse grâce à un changement du pH ou de la force ionique. A partir de ces travaux, nous avons 
supposé que les copolymères triblocs à gradient obtenus par la même technique de polymérisation 
et constitués alors d’un bloc central d'acide polyacrylique et de deux blocs à gradient aux deux 
extrémités pourraient également être stimulés par le pH, en particulier en solution concentrée, pour 
former un gel physique réversible. 
 
Nous avons donc synthétisé les copolymères triblocs à gradient par la polymérisation 
radicalaire contrôlée par l’intermédiaire d’un nitroxyde (NMP) comme décrit dans le chapitre II, 
mais nous avons utilisé dans ce cas un amorceur di-fonctionnel afin d'obtenir deux centres actifs 
aux deux extrémités d'une chaîne, menant à l’architecture (PS-grad-PAA)-b-PAA-b-(PAA-grad-
PS).  
 
Tout d'abord, nous avons étudié le comportement des copolymères triblocs en solution 
diluée par DLS et TEM afin de faire l'analyse structurale des agrégats. Nous avons démontré leur 
capacité à former des micelles de type « fleurs » et leur comportement stimulable par le changement 
du pH et la force ionique. 
 
Puis nous avons étudié les propriétés rhéologiques des copolymères en solution concentrée. 
Dans ces conditions, le bloc central de poly(acide acrylique) peut former soit des "boucles" 
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intra-agrégats  ou des «ponts» inter-agrégats ce qui provoque l'apparition d’un gel physique. Nous 
avons constaté que pour une valeur de pH plus faible que celle du pKa de l’acide acrylique, la 
viscosité de la solution augmente brusquement de plus de 3 ordres de grandeur tandis qu’à pH 
basique la solution devient viscoélastique avec une viscosité comparable à la viscosité de l'eau. Cet 
effet peut être attribué à la formation d’un réseau transitoire via l'association des blocs à gradient 
terminaux. La transition sol-gel a aussi été révélé par le changement de la dépendance en fréquence 
des modules de conservation (ou module  « élastique ») et de perte (ou module «visqueux»). 
 
De plus, la caractéristique la plus remarquable de ce système, est que la transition sol-gel est 
complètement réversible. Nous avons observé la formation/destruction du gel en 
diminuant/augmentant le pH lors de plusieurs cycles de changement du pH. En outre, nous avons 
étudié l'influence de la force ionique et de la température sur la formation du gel.  
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We demonstrate the possibility of reversible pH-controlled sol-gel transition in aqueous 
solution of associating amphiphilic triblock copolymer poly(styrene-grad-acrylic acid)-b-
poly(acrylic acid)-b-poly(styrene-grad-acrylic acid), (PS-grad-PAA)-b-PAA-b-(PS-grad-PAA), 
synthesized via nitroxide-mediated (NM) radical copolymerization. The presence of pH-sensitive 
co-monomer units of the acrylic acid in the terminal associating blocks ensures the dynamic nature 
of the styrene-rich hydrophobic nano-domains which are formed at low pH. At small polymer 
concentrations the association triggered by lowering the pH gives rise to flower-like micelles 
stabilized by partially ionized PAA coronae. The pH-controlled association was monitored by DLS-
titration and manifested in the evolution of a correlation peak in the SANS spectra. The resulting 
copolymer aggregates were visualized by TEM, which confirmed the spherical shape of the dense 
styrene-rich domains. Above the micelle overlap concentration a decrease in pH provokes 
macroscopic gelation. Here the styrene-rich domains perform as cross-links in the transient 
network. The pH-triggered sol-to-gel transition is manifested in an abrupt and strong (up to 3 orders 
of magnitude) increase in the zero-shear viscosity and in a characteristic change in the frequency 
dependence of the storage and loss moduli. The discovered new effect can be used for efficient pH-
control of rheological properties of aqueous solutions.  
 
Keywords: pH-responsive associating polymers, rheology control, nitroxide-mediated 
polymerization, gradient copolymers. 
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Nature fascinates us with unbelievable efficiency of biomacromolecules in performing 
specific functions in biological systems. The capability of biomacromolecules and their assemblies 
to respond by dramatic conformational changes to specific bio-stimuli or to relatively weak changes 
in the environmental conditions is crucial for functioning of living organisms. The comparable level 
of smartness of synthetic functional polymer materials still remains unattainable and its reaching 
presents a fundamental challenge for material science. 
For instance, recent studies of the high molecular weight glycoprotein mucin have 
demonstrated its ability to undergo reversible sol-gel transition as a response to variation of pH [1]. 
In particular, the gelation occurs abruptly upon lowering of the pH. Taking into account extreme 
acidic condition in the stomach this ability is directly related to protective function of the gastric 
mucus layer.  
In the realm of technology, modification and control of rheological properties in aqueous 
systems by stimuli-responsive polymeric additives is highly important for a wide range of 
applications ranging from oil recovery, cosmetics, personal care products, food industry to 
biomedical engineering [2-5]. The efficient temperature control of the rheological properties has 
been achieved by using so-called thermo-associative polymers comprising terminal or lateral 
thermo-responsive polymer segments. The solubility of thermo-responsive polymers in water 
depends on temperature; for the LCST (UCST) polymers, the solubility of thermo-sensitive 
moieties is lost upon an increase (a decrease) in temperature which triggers association and the 
transient network formation [6-8]. Tuning the strength of the electrostatic interactions by changing 
pH or/and ionic strength suggests an alternative mechanism for controlling association and 
rheological properties of aqueous solutions of amphiphilic hydrophobically modified 
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polyelectrolytes [9]. However, assembly of the hydrophobic (i.e. polystyrene) blocks in aqueous 
solutions normally leads to the out-of-equilibrium (“frozen”) nano-aggregates, since the 
hydrophobic domains are often found in a glassy state and their structure, once formed, can hardly 
be re-arranged as a response to varied environmental conditions. Therefore, manipulation of 
rheological properties of aqueous solutions of hydrophobically modified associating 
polyelectrolytes by changing pH or/and ionic strength remains a challenging experimental task [10-
12]. 
We suggest a new approach to the problem of the pH-control of the rheological properties of 
aqueous solutions by exploiting reversible (equilibrium) pH-dependent association of terminal 
blocks of the amphiphilic triblock copolymer of acrylic acid (AA) and styrene (S) with a specially 
tailored block-gradient sequence which ensured strong and reversible response to pH variation. 
The triblock copolymers of styrene and acrylic acid with new architecture synthesized in the 
present work comprise the middle block consisting of the pure poly(acrylicAcid), PAA, and two 
terminal blocks with a gradient sequence of S and AA.  
In all earlier works the triblock copolymers were obtained by sequential anionic 
polymerization of styrene and tertio-ButylAcrylate t-BuA followed by hydrolysis of the t-BuA-
units. Charleux and co-workers developed the method of the direct synthesis of PAA in dioxane 
solution by the nitroxide-mediated radical polymerization [13]. The same authors have synthesized 
an original di-alkoxyamine, so-called DIAMS, which allows obtaining triblock copolymers [14].  
Herein, we present for the first time a new synthetic methodology leading to sticker building blocks 
based on gradient hydrophobic sequences. Indeed, these copolymers possess two major advantages 
over the conventional PS-PAA-PS triblock copolymers. First, the presence of the AA co-monomer 
units in the terminal blocks enables us to tune the strength of the net cohesive interaction between 
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these blocks by variation in pH. As a result, reversible association and dissociation of the terminal 
blocks are achieved. In dilute solution this leads to formation of flower-like micelles. At polymer 
concentration above the micelle overlap threshold a variation of pH triggers reversible sol-gel 
transition, thus enabling an efficient pH control of the rheological properties of aqueous solution.  
Second, the gradient copolymers are obtained by a robust one-pot (semi-batch) technique, without 
recovering or purification of the first PAA blocks, which makes feasible scaling-up of their 
production. 
 The rest of the paper is organized as follows: after describing the synthesis and experimental 
methods used in this work, we present first results of the study on pH-controlled micellization of the 
triblock copolymers in dilute aqueous solution. Here the main emphasis is made on structural 
analysis of the copolymer aggregates by means of dynamic light scattering (DLS) and transmission 
electron microscopy (TEM). Then the results of the small angle neutron scattering (SANS) 
experiments performed at variable pH and ionic strength at polymer concentration close to the 
micelle overlap threshold are reported. The last part of the paper is devoted to a study of the 
rheological properties of polymer solutions at different concentrations as a function of variable pH, 
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Experimental part.  
 
Materials.  
Styrene (99%, St) and Acrylic Acid (%, AA) were used as received from Aldrich. The 
alkoxyamines: 2-methylaminoxypropionic-SG1 (Blocbuilder, 99%), DIAMS (99%), as the 
initiators, and N-tert-butyl-(1-diethyl-phosphono-2,2-dimethylpropyl) nitroxide (SG1, 88%), as the 
counter radical, were kindly provided by Arkema Chemicals. All solvents and reagents were used as 
received without further purification. 
 
 
Synthesis of triblock copolymers 
In the first step, the NMP of acrylic acid was performed in 1,4-dioxane with DIAMS as the 
initiator ([M]/[I]=230 with [M]=3 mol L-1) and a slight excess of SG1 ([SG1]/[I]=0.09). After four 
hours of polymerization, the conversion is evaluated from a sampling by NMR. An amount of 
styrene equal to that of the residual acrylic acid was then added to the solution ([St] = 1.35 mol.L-1). 
The semi-batch polymerization was performed by addition of styrene during 30 min using a pump 
with a rate of 14 ml h-1. For the second copolymer the same technique was employed, but the ratio 
[M]/[I] was 400. Samples of the copolymerization mixture were withdrawn at periodic intervals, 
and conversion was determined by 1H NMR spectroscopy while molecular weights were 
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Synthesis of diblock copolymer 
The experimental conditions of the synthesis of a diblock copolymer were the same as for 
the first triblock copolymer, but instead of alkoxyamine DIAMS, we used Blocbuilder. The batch 
technique instead of semi-batch was employed to copolymerization of styrene and acrylic acid. This 
process consists in a single addition of styrene after four hours of AA polymerization. 
 
Nuclear Magnetic Resonance Spectroscopy (NMR).  
Conversion of styrene and acrylic acid and copolymer composition were determined by 1H 
NMR in DMSO on a Bruker 400 MHz instrument at room temperature. 
 
Size Exclusion Chromatography (SEC).  
Molar mass and molar mass distribution of copolymers were determined at 40°C using Size 
Exclusion Chromatography (SEC). Characterizations were performed using a Viscotek system with 
THF as eluent at a flow rate of 1 mL/min. The chromatographic device was equipped with four 
Styragel columns HR 0.5, 2, 4, and 6 working in series at 40 °C and refractive index detector. A 
calibration curve was established with low polymolecularity index polystyrene standards, and 
toluene was used as an internal standard for the system.  
 
Sample preparation.  
The 5% and 10% wt solutions of the copolymers were prepared by dispersing the 
copolymers in water at pH 11 and stirring the solution overnight with a magnetic stirrer. Different 
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Small Angle Neutron Scattering. 
SANS experiments were done with the PAXY diffractometer at the Laboratoire Léon 
Brillouin (CEA Saclay, France). The samples were prepared in D2O at the concentration of 100 
mg/mL. The pH was adjusted by addition of highly concentrated solution of NaOD and DCL in 
D2O. The absolute intensities were obtained by reference to the attenuated direct beam and the 
scattering of the pure solvent was subtracted. 
 
Dynamic Light Scattering. 
The dynamic light scattering was measured at an angle of 1730 on a Nano-ZS, Model 
ZEN3600 (Malvern, UK) zetasizer. A He-Ne 4,0 mW power laser was used operating at 633 nm 
wavelength. The apparatus with connected MPT2 autotitrator was used mainly for automated 
measurement of pH dependences of particle size (Rh) and scattering intensity (Is). For evaluation of 
data, the DTS(Nano) program was used. The mean positions of the peaks in intensity-hydrodynamic 
radius (Rh) distribution were taken for data representation. The hydrodynamic radius RH of the 
particles is calculated from the diffusion coefficient using the Stokes-Einstein equation 
B / 6 HD k T Rpiη=                                                                        
where T is absolute temperature, η the viscosity of the solvent and kB the Boltzmann constant. 
 
Transmission Electron Microscopy (TEM). 
TEM measurements were performed on a microscope JEM 200CX (Jeol, Japan). All 
microphotographs were taken at acceleration voltage 100 kV and recorded with a digital camera. 
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Rheological Experiments.  
The solutions of the copolymers were prepared by dispersing the copolymers in water at pH 
11 and stirring the solutions overnight with a magnetic stirrer. The pH was varied by an addition of 
1M NaOH and 1M HCl aqueous solutios. The rheological measurements were performed on a 
Bohlin rheometer system CVOR 150 in controlled stress mode with parallel plat geometry PP40 for 
oscillatory shear flow and double gap geometry DG 24/27 for steady-state shear flow. Stepped 
shear stress values were selected to study shear rates ranging from 0.1 to 100 s-1. The system was 
allowed to reach a steady state at each shear stress prior to registering the measured values. The 
measurements were performed by increasing and decreasing the shear stress. Temperature was 
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Results and discussion 
Synthesis of triblock copolymers 
The first stage of the polymerization, when the block of PAA is formed, gives rise to a 
peculiar macroalkoxyamine with two active centers at both ends of the PAA chain, so after the 
addition of styrene one can obtain triblock copolymer (Scheme 1). The slight excess of the nitroxide 
SG1 is necessary to reach the best proportion between the rate of the polymerization and the control 
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Scheme 1. Synthetic procedure and chemical structure of the gradient tri-block copolymers. 
 
The reactivity ratios of the both monomers AA and S differ by the factor of three (r1 = 0.27 
and r2 = 0.72, for acrylic acid and styrene, respectively [15]) that ensures the gradient structure of 
the terminal blocks. This tendency to form gradient structure was reinforced by the continuous 
addition of styrene, i.e. semi-batch technique, which promotes incorporation of the S monomer 
during the AA polymerization. 
Triblock copolymers T1 and T2 differ with respect to the length of the central PAA block, 
that has been achieved by changed the ratio [AA]/[DIAMS].  
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The molecular characteristics of both triblock copolymers, as well as those for the diblock 
copolymer, are presented in Table 1.  
 
Table 1. Macromolecular characteristics of the triblock copolymers. 
Sample Total 
Mna 












T1 12 550 1.25 100 20 54 39 72 28 
T2 17 000 1.33 140 25 51 56 77 23 
D1 8 300 1.31 65 30 65 46 66 34 
a
 number average molecular weight determined by SEC in THF after methylation, b degree of polymerization 
of PAA- and gradient blocks determined by NMR, c final conversion of monomers determined by NMR, d fraction of 
styrene and acrylic acid  in the final copolymers determined by NMR 
 
A linear increase of the molecular weight with conversion demonstrates good control of 
polymerization process (Figure 1). 
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Moreover, in order to get the microstructure of the copolymers chains, i.e. the gradient 












where (% conv)1 and [M1]0 signify the conversion and the initial concentration of monomer 1, 
respectively. Such equation has been used previously by our group to represent the evolution of the 
gradient profile in different gradient copolymers [17-19]. Herein, the obtained composition profiles 
(Fig. 2) show that the instantaneous fraction of acrylic acid decreases continuously after addition of 
styrene that proves the gradient structure of obtained copolymers.  








 triblock copolymer T1








Figure 2. Evolution of the instantaneous fraction of AA units along the chain of the triblock 
copolymers T1 (full symbol) and T2 (open symbol). The monomer unit ranking number N is 
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Dynamic light scattering 
 
The combination of hydrophobic styrene with pH sensitive ionic acrylic acid comonomer 
units in the terminal blocks determines the specific associating properties of the copolymers. The 
high hydrophobisity of PS is necessary to overcome the electrostatic repulsions in the middle PAA 
and to induce association of the terminal blocks into PS-rich domains. The presence of AA-units in 
the copolymer causes the dependence of the chain conformation and solution properties on the pH 
as well as on the ionic strength.  Moreover, because of unusual block-gradient sequence of the 
copolymers their associating behaviour in aqueous solution differs from that of the classical PS-b-
PAA-b-Ps triblock copolymers: at high pH the AA monomer units incorporated into both central 
PAA and the terminal gradient blocks are charged, their repulsions prevent intra- and intermolecular 
association. Upon a decrease in pH the units of AA get protonated gradually, and at certain pH the 
hydrophobic attractive forces acting between PS segments become large enough to overcome the 
intermolecular electrostatic repulsive interactions, and the micelles can be formed. The core of the 
micelles consists of the terminal poly(styrene-grad-acrylic acid) blocks whereas the middle PAA 
blocks form the coronal loops. This implies that micelles should have a “flower-like” shape.  
In order to obtain general information about the behavior of the copolymers in dilute 
aqueous solution the DLS titration measurements were performed. The solutions of T1 and T2 at 
concentration 0,1% wt (1 g L-1) were titrated by concentrated HCl from high pH~11, when the 
copolymers are molecularly dissolved, down to low pH~4, when the copolymers start to precipitate.  
The titration curves are plotted in Fig. 3 (a, b). The process of micellization starts below pH 8 and 
the apparent (number-based) hydrodynamic radius of the aggregates, RH, grows continuously upon 
further decrease of pH.  
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                                            (a)    (b) 
Figure 3. Hydrodynamic radius of the micelles of triblock copolymers (a) T1, (b) T2 as a function 
of pH. Concentration of copolymers in water is 1 g L-1. 
 
So as it was mentioned above the formation of the micelles of obtained triblock copolymers differs 
from the formation of the micelles in solution of classical block copolymers of PAA and PS and the 
most striking difference is the slow continuous growth of the aggregates with the decrease of pH. 
Surprisingly, the onset of aggregation occurs at pH which significantly exceeds the pKa=4-
4.5 value for the acrylic acid. Presumably the aggregation starts upon protonation of the AA acid 
units located inside the terminal gradient blocks whereas the middle PAA block remains ionized 
and forms charged coronae which stabilize the individual micelles. The repulsion between these 
charged coronae of aggregates leads to the appearance of a correlation peak in the SANS spectra 
(see below). Furthermore, as follows from Fig.3 the association occurs progressively and is 
manifested in a continuous growth of the aggregate size upon a decrease of pH, in contrast to 





Chapitre III: Etude de la transition sol-gel pH-stimulée et réversible en milieu aqueux de 
copolymères triblocs amphiphiles à gradient 
 
The lack of cooperativity in the pH-triggered micelle formation can be rationalized on the 
basis of results of the TEM imaging presented in Fig. 4. Indeed, the TEM pictures confirm that at 
low pH the triblock copolymers do form well-defined spherical micelles. These micelles, however, 
exhibit significant polydispersity with respect to the aggregation number, in contrast to fairly  
monodisperse micelles formed upon association of conventional amphiphilic di-/or triblock 
copolymers. Remarkably, similar size polydispersity was observed for micelles formed by 
homologous poly(acrylic acid-grad-styrene) diblock copolymers (non-published results) in aqueous 
solutions. Fig. 4 shows spherical aggregates with the maximal radius of the core of about 24 nm. In 
the images one can clearly see the styrene-rich cores (light grey color); the black contour 
surrounding the cores may be attributed to the PAA coronae collapsed due to evaporation during the 
sample preparation. The pictures unambiguously illustrate the polydispersity in the size of 
aggregates. The histograms show the broad size distribution of the particles with a maximum of the 
Rcore around 6 nm (Fig. 5).  
 
                                
 (a)      (b) 
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Figure 5. Size distribution of the micelles of triblock copolymers. 
 
Remarkably, a small fraction of the AA units which compose the gradient terminal styrene-
rich blocks should be embedded in the core domains. This provides a tentative explanation of the 
large polydispersity of the aggregates by low surface tension at the core-water interface because of 
the enrichment of the interfacial region of the core by AA monomer units. 
Moreover, because of the presence of ionizable AA units in the associating blocks, their 
aggregation becomes reversible, i.e., the micelles formed at low pH can be easily dissociated upon 
subsequent increase in pH. This pH-responsiveness found also for homologous diblock/gradient 
copolymers of AA and S makes them different from classical di-and triblock copolymers of AA and 
S with a comparable length of the S blocks, which form ‘‘frozen’’ aggregates with glassy PS cores.  
 
Small angle neutron scattering  
 
In order to characterize in depth the structure of the copolymer solutions and the shape of 
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concentration 10 wt% (100 g L-1). This study has been realized in heavy water, D2O, at different 
pH.  
A pronounced peak appears (see Fig. 6) on the scattering curves I (q) at a wave vector q =qmax in a 
wide range of pH variations. This peak can be considered as a correlation peak between the 
scattering particles, and qmax is inversely proportional to the average distance between the scattering 
particles, d: 
d ~ 2π/qmax 









 T1 pH 5.5
 T1 pH 5.8
 T1 pH 6.5
 T1 pH 7
 T1 pH 7.5





















 T2 pH 5
 T2 pH 5.3
 T2 pH 5.7
 T2 pH 6
 T2 pH8
 
(a)      (b) 
Figure 6. Scattered intensity for triblock copolymer (a) T1, (b) T2 in heavy water at different pH. 
The peak arises because of the corresponding maximum in the interparticle structure factor 
S(q) and indicates the presence of repulsive (electrostatic and/or steric) interactions between the 
micelles. S(q) specifies the correlation between the positions of different micelles and is 
proportional to the Fourier transform of the radial distribution function g(r) for the mass centers of 
the micelles. Hence, the magnitude of the correlation peak measures the strength of the repulsive 
interactions between the coronae of individual micelles.  
The appearance of the correlation peak below pH=8 indicates the onset of micellization. 
Upon further decrease in pH from 8 up to 5 the position of the peak qmax moves  
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towards smaller values of q, thus the distance between the micelles becomes larger and 
consequently this corresponds to an increase in the aggregation number. A simultaneous increase in 
the magnitude of the correlation peak indicates an increase in the size (effective interaction radius) 
of the aggregates, i.e., the micelles become more bulky. Remarkably, the degree of ionization of the 
coronal loops and the strength of electrostatic repulsions decrease upon the decrease in pH. 
The influence of the ionic strength on the size of micelles was studied by both DLS and 
SANS. The addition of salt to the solution of triblock copolymers at moderate pH (when the 
micelles are formed in salt-free solution) should cause growth of the aggregates because of 
screening of the electrostatic repulsions between AA blocks. However, at the same time the 
screening of the charges causes shrinking of the corona. Fig. 7 represents the results of DLS (a) and 
SANS (b) measurements at different ionic strengths. The hydrodynamic size of the aggregates 
remains almost constant upon an increase in the salt content of the solution. This observation points 
to an increase in the aggregation number upon lowering the pH and the dynamic nature of the 
aggregates. Indeed, if the aggregation number remained constant (like in the ‘‘frozen’’ micelles 
formed by classical block copolymers) the addition of salt would cause only a shrinkage of the 
corona and concomitant decrease in the measurable size of the aggregates.  
The evolution of the SANS spectra upon an increase in salt concentration supports the 
conclusion that the aggregation number increases as a function of salt concentration: as one can see 
in Fig. 7b, the position of the correlation peak qmax gets shifted to lower q values and the magnitude 
of the peak increases upon an increase in salt concentration. This observation unambiguously 
indicates that the number of aggregates decreases whereas their effective interaction radius 
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 T2 0,5M NaCl
 T2 0,15M NaCl
 T2 
(b) 
Figure 7. Influence of ionic strength on the size of the micelles. (a) DLS measurements of the 
solution of T1 at pH 6 and C=1 g L-1. (b) SANS measurements of the solution of T2 at pH 6,5 and 
C=100 g L-1. 
 
In order to get more quantitative information about the evolution of micelles as a function of 
pH and ionic strength, the scattering curves were fitted with a superposition of a structure factor 
S(q,RHS) of Percus-Yevic with an effective hard sphere interaction, and a form factor for 
polydisperse spheres F(q,Rg): I (q,RHS,Rg)=A.F(q,Rg) S(q,RHS) + B, where A and B are the 
adjustable amplitude and the background. The PS-rich dense core domains provide a much higher 
scattering contrast than hydrated coronae. The average radius Rg and the polydispersity of the hard 
spheres extracted from the form factor correspond to the dimensions of the (polydisperse) core 
domains. The effective interaction radius RHS as shown in Fig. 8 can be assimilated to the radius of 
the hydrated PAA coronae of the aggregates. Remarkably, the span of the coronae is a weak 
function of the aggregation number. This justifies using a single structure factor interaction radius 
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Figure 8. PY interaction radius for copolymers T1 and T2, and comparison of results from 




The zero-shear viscosity for T1 and T2 copolymers was measured at two concentrations (5 
and 10% wt) at different pH. At high pH the solution is a viscous liquid with viscosity about 5–7 
times higher than the viscosity of water. With the decrease in pH, the viscosity slightly increases 
and then an abrupt transition occurs around pH=6, leading to a dramatic increase of viscosity, more 
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Figure 9. Zero-shear viscosity for 10% solutions of triblock copolymers T1 (squares, straight line), 
T2 (triangles, dash line) and diblock copolymer D1 (open squares, doted line). 
 
Such behavior can be attributed to the association of the terminal blocks of the copolymers 
and the formation of a physical gel (see ESI, SI-1 for the image).† As expected, the viscosity of the 
copolymer T2 is higher than the viscosity of T1 due to the longer middle PAA block.  
In order to prove that an increase in viscosity in solutions of triblock copolymers at low pH 
is due to bridging between the PS-rich domains and formation of a reversible transient network, we 
have compared the rheological properties of solutions of the T2 triblock copolymer to those of the 
D1 diblock copolymer PAA-b-(PAA-grad-PS). The synthesis for the diblock copolymer was 
performed so that the diblock copolymer has a structure half that of the T2 triblock copolymer. We 
found that the solution of diblock copolymer exhibits much weaker increase in viscosity upon a 
decrease in pH (see Fig. 9).  
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Oscillatory shear experiments were performed within the linear viscoelastic regime. The 
frequency dependencies of the storage and the loss moduli presented in Fig. 10 (a,b) for 10% 
aqueous solutions of triblock copolymer provide an evidence of a striking change in the viscoelastic 
behaviour as a function of pH. At low pH, G’ exceeds G’’ by about 1 order of magnitude and is 
practically independent of ω over the entire frequency range studied (10-1–102 rad s-1), indicating 
that the solution behaves like a highly elastic gel. Remarkably, a decrease in pH in the range of 6.5 
< pH < 7 leads to a pronounced increase in the magnitude of both G’ and G’’. This trend can be 
explained by an increasing density of the hydrophobic domains. On the contrary, at high pH the 
values of G’ and G’’ are much lower than in the low pH range. Here both G’ and G’’ are increasing 
functions of frequency, G’’ exceeds G’ at low frequencies, but the curves intersect at high 
frequency. This behavior of G’ and G’’ is typical of a viscoelastic liquid. The analogous oscillatory 
shear experiment for a diblock copolymer confirms the mechanism of gel formation by triblock 
copolymers assumed earlier: both the storage and the loss moduli are increasing functions of the 
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Figure 10. Storage modulus G’ (filled symbols) and loss modulus G’’ (open symbols) as a function 
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Figure 11. Storage modulus (filled symbols) and loss modulus (open symbols) as a function of 
frequency for 10% solution of diblock copolymer D1 as a function of pH. 
 
 
The influence of the temperature on the rheological properties of solution 
 
The frequency dependencies of G’ and G’’ at temperatures between 20 and 70 0C for the 
solution of T1 at concentration 10% are plotted in Fig. 12. At room temperature and pH below 7 the 
solution is an elastic gel, as mentioned earlier. With the increase in temperature both dynamic 
moduli become frequency-dependent and have a tendency to intersect at a low frequency. Hence, 
the high hydrophobicity of terminal blocks consisting mostly of PS causes this sensitivity of the gel 
to effectuate changes in the temperature and provokes the transition to more viscous rather than 
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 Figure 12.  Storage modulus (filled symbols) and loss modulus (open symbols) as a function of 
frequency for 10 wt% solution of triblock copolymer T1 at pH 6.5 at the different temperatures. 
 
The influence of ionic strength on the rheological properties of the solution 
 
We have studied the influence of the salt addition to the 10 wt% solution of the copolymers 
at pH≈7 which is very close to that at which the formation of a gel is starting. For copolymer T1 the 
values of both moduli G’ and G’’ slightly increase with the increase of salt concentration. For 
copolymer T2 the values of the moduli grow up to 0.4 M of the salt concentration and then the 
moduli become dependent on the frequency and have smaller values. A slight increase is then 
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Fig. 13 Storage modulus (filled symbols) and loss modulus (open symbols) as a function of 
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In this work we have demonstrated that block-gradient triblock copolymers of styrene and 
acrylic acid directly synthesized by semi-batch NMP exhibit pronounced pH-dependent associating 
properties. At high pH the polymers form molecular solutions. A decrease in pH provokes an 
association of the terminal S-rich blocks into dense hydrophobic domains. In dilute solutions this 
association leads to the formation of nano-scale aggregates. As confirmed by DLS titration and 
SANS, the aggregation number and the size of the aggregates increase upon a decrease in pH or/and 
increase in the ionic strength of the solution. The TEM imaging demonstrates that the S-rich dense 
core domains have a spherical shape with wide size polydispersity. These observations point to the 
formation of polydisperse spherical flower-like micelles. At polymer concentration exceeding the 
overlap threshold, the pH-triggered intermolecular association leads to macroscopic gelation. The 
occurrence of the sol-to-gel transition in a narrow range of pH variation is manifested by an abrupt 
(by 3 orders of magnitude) increase in the zero-shear viscosity and confirmed by the characteristic 
change in the frequency dependences for the storage and loss moduli. Here the hydrophobic core 
domains formed upon a decrease in pH perform as transient cross-links for the physical gel, which 
remains swollen due to partial ionization of the PAA blocks that form bridges and loops. Such 
behavior is represented in Scheme 2. The most striking feature of the solution of the triblock 
copolymers studied here is perfect reversibility of association/dissociation of the terminal segments 
and sol–gel transition in cycles of the pH variation. We anticipate that this reversibility and 
enhanced pH-responsiveness of our system is ensured by the presence of the units of acrylic acid in 
the hydrophobic styrene domains. Indeed, at sufficiently low pH the AA acids embedded into 
highly non-polar S nano-environment of the core are protonated. An increase in buffer pH makes 
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ionization (deprotonation) of the AA units more favorable. The ionization may occur only in 
aqueous environment, i.e., upon decomposition of the core domain. In addition, an increase in the 
ionization of the middle PAA block leads to enhancement of the overall intermolecular repulsion. 
Hence, an increase of pH may trigger an abrupt dissociation of the micelles (in dilute solution) or 
decomposition of the hydrophobic domains which destabilizes the network structure. We have 
observed totally reversible sol-to-gel and gel-to-sol transitions in cycles of pH variation. The system 
exhibits only a weak hysteresis effect (a drift in the solution viscosity at given pH). A small shift of 
the pH at which the transition occurs was detected and can be explained by the dilution of the 
copolymer solution during the titration. Our findings prove that block-gradient triblock copolymers 
of styrene and acrylic acid synthesized by semi-batch NMR polymerization can be used as highly 
efficient low-cost pH-responsive rheology modifiers in aqueous solutions: a decrease in pH triggers 
association of the terminal gradient blocks and results in the formation of a transient network 
leading to a dramatic increase (up to 3 orders of magnitude) in solution viscosity. At high pH the 
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Scheme 2. Schematic representation of the pH effect on the ionization of the acrylic acid monomer 





The form factor of polydisperse spheres is given by 
2 6( ) ( ( ) ( )cos(2 ) ( )sin(2 ))exp( 2( ) )) / 2 /g gF q a q b q qR c q qR q qσ= − + −  
with 
2 2 2( ) 1 ( )ga q q R σ= + +  
2 2 2 2 2( ) 1 ( ) 4( ) (1 ( ) )gb q q R q qσ σ σ= − + + +  
2( ) 2(1 2( ) ) gc q q qRσ= +  
where Rg is the average (form factor) radius of the sphere and σ  is the radius standard deviation. 
The hard sphere structure factor is given by 
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with φ  the volume fraction of the equivalent hard spheres and RHS the hard sphere radius 
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Nous avons démontré dans ce chapitre la possibilité de contrôler la synthèse de copolymères 
triblocs à base de styrène et d'acide acrylique avec une séquence à gradient de ST au sein des blocs 
terminaux qui présentent ainsi des propriétés pH-dépendantes associatives. La diminution du pH 
conduit à l'association de blocs riches en ST au sein des domaines denses hydrophobes. Dans le cas 
des solutions diluées, cette association conduit à la formation d'agrégats à l'échelle nanométrique. 
La croissance du nombre d'agrégation et de la taille des agrégats en fonction du pH et/ou 
l’augmentation de la force ionique de la solution a été montrée par couplage DLS/titration et SANS. 
La forme sphérique et dense du domaine riche en ST ainsi que la distribution large en taille ont été 
caractérisées et visualisées par TEM. Ces observations prouvent la formation de micelles 
polydisperses sphériques de type « fleurs». 
 
La gélification macroscopique causée par l'association intermoléculaire a été observée à plus 
forte concentration en polymère lorsque celle-ci dépasse la concentration de recouvrement. Nous 
avons confirmé l'apparition de la transition «sol-gel» dans un intervalle de variation du pH étroit par 
une augmentation importante de la viscosité et par un changement caractéristique dans les 
dépendances en fréquence des modules de conservation et de perte. Les domaines du cœur 
hydrophobes formés sur une diminution du pH fonctionnent comme les liaisons transversales 
transitoires pour la création du gel physique, qui reste gonflé en raison d'une ionisation partielle des 
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La réversibilité parfaite de l'association/dissociation des segments terminaux et de la 
transition sol-gel des copolymères triblocs en solution ont été observées au cours des cycles de  
variation du pH. Cette réversibilité et le renforcement du caractère pH-sensible de ce système peut 
être expliqué par la présence des unités d'acide acrylique dans les domaines hydrophobes de 
styrène. En effet, les unités AA incorporées dans le nano-environnement non-polaire de ST sont 
protonées à pH acide. Une augmentation du pH permet la déprotonation des unités AA plus 
favorable et l'ionisation du bloc de PAA central conduit à l'amélioration de la répulsion 
intermoléculaire générale. Par conséquent, une augmentation du pH peut provoquer une 
dissociation brusque des micelles ou de la décomposition des domaines hydrophobes qui déstabilise 
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Synthèse de brosses de polymères sur surface d'or et étude de leurs 
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Dans ce chapitre, nous présentons les résultats de la synthèse et l'étude de propriétés pH et 
electro-sensible des brosses de poly(acide acrylique) et des copolymères amphiphiles à gradient de 
styrène et d’acide acrylique, dont le comportement en solution aqueuse a été décrit dans les 
précédents chapitres. L’objectif principal du présent travail consiste à explorer de nouvelles voies 
de conception pour des surfaces « intelligentes » opérant en contact avec un milieu aqueux. Nous 
visons à élaborer des surfaces présentant une nano-structure régulière dont les propriétés bio-
interactives puissent être modifiées de façon réversible par l’application de contraintes externes 
physiques ou chimiques. Le greffage de couches de copolymères amphiphiles ioniques sensibles au 
pH, nous semble être une voie des plus prometteuses pour y parvenir. La conception de ces surfaces 
« intelligentes » nécessite une bonne connaissance de l’architecture macromoléculaire relative à la 
surface afin de cerner au mieux la relation entre cette dernière et la structuration latérale résultant de 
l’auto-organisation des polymères greffés. 
Parmi les différentes stratégies possibles, la technique dite du « grafting from » (greffage à 
partir de) est la plus versatile : il s’agit d’attacher chimiquement à la surface une molécule 
fonctionnelle qui servira ensuite de point de départ à la croissance des chaînes de polymères. On 
peut ainsi atteindre des valeurs de densités de greffage élevées associées à des chaînes polymères 
proches les unes des autres et étirées perpendiculairement à la surface, mais aussi contrôler 
précisément la composition chimique des polymères au cours de leur croissance, mais aussi la 
position dans la chaîne macromoléculaire d’un groupement chimique aux propriétés souhaitées. 
Pour cela, nous utilisons une approche originale basée sur la polymérisation par nitroxyde (NMP) 
évitant des procédures de post-modification chimique (ATRP) ou le design et la synthèse 
complexes d’agent de transfert (RAFT). Pour greffer l’amorceur sur la surface d’or, nous avons  
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utilisé deux étapes de modification chimiques suivies de l’étape de polymérisation depuis la surface 
effectuée dans les mêmes conditions que la polymérisation des chaînes libres  en solution (Chapitre 
II). 
Par la suite, les transitions de conformation in situ des polymères induites par les stimuli (pH et 
champ électrique) associées à un réarrangement de la nano-structuration de l’interface, ont été 























Thin polymer coatings can be used as the effective modifiers of the surface properties of 
different materials. The development of various living/controlled polymerization techniques has 
made it possible to obtain such polymer coatings with a high level of control over composition, 
structure and properties. The terminal grafting of polymer chains on various surfaces giving rise to 
so called polymer brushes has attracted considerable interest in many fields of application. The 
major objective for the application of responsive polymer brushes is to regulate, adjust, and switch 
interaction forces between the surface and its environment constituted of liquid, vapor, solid, 
particles ... One of the targets is the application of the responsive polymer brushes for smart devices 
such as drug delivery devices, microfluidic analytical devices, and sensors.  
In contrast to chains in solution, in a polymer brush one chain end is tethered to the substrate 
surface. The decisive parameter determining the conformation and behavior of end-tethered 
polymer chains is the distance D between two anchoring points on the surface. If this distance is 
greater than the radius of gyration Rg of a similar chain in solution, either a “mushroom” or a 
“pancake” conformation is adopted.  In the “mushroom regime”, the height of the polymer layer is 
independent of the grafting density, as the chains are far apart to avoid repulsive interactions 
between neighboring chains and their conformations are determined by the intra-molecular 
interactions. If the anchoring distance between two polymer chains becomes smaller than the 
corresponding radius of gyration in solution, D < Rg, the polymer chains will experience an 
increased inter-molecular repulsion and as a result, the chains are forced to adopt a stretched 
conformation which is inherent for the polymer brush. With increasing coverage, i.e. with 
decreasing D, the “mushroom” and the “pancake” regime converge to “brush” regime. Strong inter- 
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molecular interactions and stretching of polymer chains in the brush introduce novel surface 
properties that are distinctly different from that of the bare  substrate [1]. 
Depending on the architecture and chemical composition of the surface-attached polymer 
chains, the conformations and structure of a polymer brush can be manipulated using a variety of 
external stimuli. These responsive properties potentially provide the basis for the development of 
“smart” surfaces. 
If the brush is formed by end-grafted polyelectrolytes (PEs), the properties of such a layer 
can be switched by external stimuli such as pH, ionic strength, temperature ... This makes PE 
brushes attractive for different applications ranging from nanotechnology to biomaterial 
engineering. One of the monomer which can be used for the synthesis of stimuli-responsible PE 
brushes is acrylic acid: In aqueous solutions the acidic functions are sensitive to local pH, which 
depends on the pH and ionic strength in the buffer and also on local electrostatic potential.. 
Therefore, using the metallic substrate as a conducting material in combination with a pH-sensitive 
polyelectrolytes grafted on its surface can give rise to multi-responsive smart materials.  
Two methods are commonly used to obtain polymer brushes: “grafting to” and “grafting 
from”. The former approach assumes anchoring of pre-built polymers by reactive end or side 
groups to functional surfaces, yielding polymer layers of low density. With the use of “grafting 
from” technique, one can grow polymer chains from the surface covered by initiator. The “grafting 
from” approach gives an opportunity to achieve high grafting density and to obtain polymer layers 
with precisely controlled thickness.  
For tailoring polymer brushes from gold surfaces, the “grafting to” technique was generally 
used [2,3,4]. This method was coupled with a reversible addition-fragmentation chain transfer 
(RAFT) type of controlled radical polymerization, because in this case pre-built polymers contain 
the dithioester or trithiocarbonate groups from the RAFT-agent, which can be converted into thiol  
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functions at the end of the chains by the reducing reaction with NaBH4. It is known that thiols form 
rather strong bonds with gold (~188 kJ/mol) [5]. It is also possible to use the chemisorption of the 
dithioester or trithiocarbonate terminal groups to anchor the chains on the gold surface, but in this 
case the chains are not covalently bonded to the substrate. In the work of Boyes et al. [2], both 
methods were used: on the first stage, PAA was synthesized by RAFT polymerization and then 
polymer solution was added to gold nano-rods with (chains are covalently bounded to the surface) 
or without (chemisorbtion) reducing agent. In both cases the uniform polymer layer was formed 
with a thickness from 3 to 14 nm which was shown by TEM and UV-Vis spectroscopy. However, 
both these methods are indirect to prove definitely the presence of grafted polymer. Mac Cormick et 
al. [3] used the same reduction system to attach polymer on the surface, but they also showed a 
possibility to graft other hydrophilic polymers such as (poly(sodium 4-styrenesulfonate), poly((ar-
vinylbenzyl) trimethylammonium chloride), poly(N,N-dimethylacrylamide), poly(3-[2-(N-
methylacrylamido)-ethyldimethyl ammonio]propane sulfonate-b-N,Ndimethylacrylamide)). 
Another original approach was used in the work of DuPrez et al [4]. Polyacrylic acid was indirectly 
obtained by Atom Transfer Radical Polymerization (ATRP) from the thermo-sensitive 1-ethoxy 
acrylate (EEA) with a disulfide-containing initiator. Polymer PEEA-S-S-PEEA was then thermally 
deprotected in order to obtain PAA-S-S-PAA and gold-coated surface was placed into the polymer 
solution. The brushes obtained by this method were characterized by Atomic Force Microscopy in 
water at different pH. The grafting density in this case was rather low, i.e. 2 chains per 100 nm2.  
More dense brushes can be obtained by the “grafting from” method. Numerous works are 
known in the literature devoted to the grafting of the acrylic acid onto silicon surfaces. To obtain 
surface-anchored PAA usually ATRP of tertioButylAcrylate (tBA) with subsequent hydrolysis to 
PAA is used. In this type of the process, polymers with the different molecular weights and narrow 
polydispersity index can be obtained. To anchor the initiator on the surface different trichlorosilane  
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derivatives can be used. On the first stage, one modifies the surface with initiator, and then carries 
out the polymerization of tBA and on the last stage converts poly(tBA) into the PAA by chemical 
post-modification. For example, this type of synthesis was performed by Genzer et al. [6] and 
obtained PAA-brushes were studied by ellipsometry to measure the thickness of PAA as a function 
of pH and ionic strength.  
In case of growing of PAA from the gold surface, the thiol-derivatives should be used, 
because thiol function easily reacts with gold. Therefore, either the initiator should contain thiol 
function to be anchored to the surface or the modification should be done in two stages as it was 
previously shown [7], where three different initiators were bound with the surface and then ATRP 
of tBA was carried out and on the last stage the hydrolysis of poly(tBA) brings to the formation of 
PAA-brushes on the surface. The brushes were analyzed by X-rays photoelectron spectroscopy 
(XPS), infrared spectroscopy, ellipsometry and atomic force microscopy. It was shown that the 
tripod and cross-linked initiators allows the formation of dense stable brushes which are able to 
sustain the hydrolysis, while the brushes obtained by the initiator with only one binding site are not 
stable and they are entirely cleaved away during the hydrolysis. One can also mention that 
poly(sodium acrylate) was synthesized by ATRP from the surface modified by 11-mercaptoundecyl 
bromoisobutyrate [8]. Formation of the initiator layer and the polymer layer was proved by XPS. 
Authors determined the thickness of the layer and the distance between two binding sites and found 
that the former is much higher than the latter. This means that polymer is attached to the surface in 
the “brush” regime.  
One more way of synthesis of PAA brushes on the gold-coated surface, i.e. Diazonium-
induced anchoring process (DIAP), is also described in refs. [9-11]. In that case, the polymerization 
is not controlled and therefore the polydispersity of the obtained polymers should be high. Four 
stages can be marked out in this type of the synthesis: 1) generation of aryl radicals after redox  
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activation of diazonium salt by iron particles, 2) formation of a polyphenylene-like primer grafted 
layer, 3) initiation (at the same time with the stage 2 of the radical polymerization of the monomer 
in solution) and finally 4) trapping of the growing macro-radicals onto the aromatic rings of the 
primer layer to form final coating. Authors characterized the PAA brushes obtained on the surface, 
but they did not analyze the macromolecular dimensions of the polymer.  
To summarize the literature data, we conclude that the “grafting to” method is rather simple 
experimentally and the polymers attached to the surface can be directly analyzed before the grafting 
procedure, but the disadvantage of this process is low grafting density due to the high steric 
hindrances of the polymeric chains. On the other hand, the “grafting from” method allows the 
formation of dense polymeric brushes on the surface, however for the synthesis of polyacrylic acid 
brushes either the indirect process have been used (polymerization of tBA with a subsequent 
hydrolysis to PAA) with a high control of macromolecular characteristics or the direct synthesis 
was possible but in this case the process was not controlled. 
For the first time, Nitroxide Mediated Polymerization was herein employed to the synthesis 
of PAA-brushes and brushes of block-gradient copolymers of styrene and acrylic acid on the gold-
coated surface. This method combines the direct synthesis of PAA with controlled macromolecular 
characteristics of obtained polymers.  PAA grafted on the gold electrodes can be analyzed by quartz 
cristall microbalance with dissipation monitoring method (QCM-D) and its combination with 













Two types of gold-coated surfaces were used as substrates: silicon wafer coated by gold 
layer (the Au-layer thickness is 1000 Ǻ, 1cm x 1 cm) and gold-coated quartz crystals (5 MHz, 14 
mm, QSX301, Sweden). Styrene (99%, St), acrylic acid (99%, acrylic acid), mercaptoethanol (99%) 
were used as received from Aldrich. The alkoxyamine, 2-methylaminoxypropionic-SG1 
(BlocBuilder or MAMA, 99%), as the initiator, and N-tert-butyl-(1-diethyl-phosphono-2,2-
dimethylpropyl) nitroxide (SG1, 88%), as the counter radical, were kindly provided by Arkema 
Chemicals. THF was distilled under sodium, all other solvents and reagents were used as received 
without further purification. The alkoxyamine MAMA-NHS was previously synthesized according 
to the Ref.12.  
 
Modification of the surfaces 
The substrates were sonicated in ethanol for 20 minutes and rinsed by toluene and acetone. 
The surfaces were immersed into the 1 mM solution (V=5 ml) of mercaptoethanol (HS-CH2-CH2-
OH) for 1 and 20 h. Then the reaction with alkoxyamine MAMA-NHS in distilled THF was 
performed during 3 hours at 00C for all samples.  
 
Surface-Initiated Polymerization 
Homopolymerization of acrylic acid 
 The poly(acrylic acid) brushes were synthesized by nitroxide-mediated radical 
polymerization of acrylic acid from the modified surfaces. NMP of acrylic acid was performed in 
1,4-dioxane with MAMA (I) as the initiator ([M]/[I]=230 with [M]=3 mol.L-1) and a slight excess of  
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SG1 ([SG1]/[I]=0.09). After four hours of polymerization, the conversion is evaluated from a 
sampling by 1H NMR.  
Copolymerization of styrene and acrylic acid 
In a first step, the NMP of acrylic acid was performed as described above. After four hours 
of polymerization, an amount of styrene equal to that of the residual acrylic acid was then added to 
the solution ([St] = 1.35 mol L-1). 
 
Nuclear Magnetic Resonance Spectroscopy (NMR) 
Conversion of styrene and acrylic acid and copolymer composition were determined by 1H 
NMR in DMSO on a Bruker 400 MHz instrument at room temperature. 
 
Size Exclusion Chromatography (SEC)  
Molar mass and molar mass distribution of copolymers were determined at 40°C using Size 
Exclusion Chromatography (SEC). Characterizations were performed using a Viscotek system with 
THF as eluent at a flow rate of 1 mL min-1. The chromatographic device was equipped with four 
Styragel columns HR 0.5, 2, 4, and 6 working in series at 40 °C and refractive index detector. A 
calibration curve was established with low dispersity polystyrene standards, and toluene was used 
as an internal standard for the system.  
Ellipsometry 
We used a variable angle, spectroscopic ellipsometer (M2000V, J. A. Wollam) with a 
wavelength range from 370 to 1000 nm. Data in air was typically acquired at multiple angles of 
incidence (50, 55, 60, 65, 70 and 75°). Measurements in liquid were performed with the 
ellipsometry module (Q-Sense) that was purpose designed for combined QCM-D/ellipsometry  
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measurements at 65° angle of incidence. The optical data was treated with the software 





An E4 (4-sensor system) Quartz Crystal Microbalance with Dissipation (QCM-D) from Q-Sense, 
Sweden [13] was employed to follow the behavior of PAA-brushes. QCM-D combined with Q-
Sense electrochemistry module 101 was used to study electro-responsive behavior of the brushes. 
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Results and discussion 
Formation of the initiator monolayer. 
The modification of the surface was performed in two stages : 1) formation of the –S-CH2-









 1 h or 20 h
MAMA-NHS
Au
S-CH2-CH2-O - C(O) - C(CH3)2 - SG1
S-CH2-CH2-O - C(O) - C(CH3)2 - SG1
S-CH2-CH2-O - C(O) - C(CH3)2 - SG1
0 0C, THF distilled
AA, dioxane, 120 0C
MAMA, SG1
Au
S-CH2-CH2-O - C(O) - C(CH3)2 - (АA)n - SG1
S-CH2-CH2-O - C(O) - C(CH3)2 - (АA)n - SG1
S-CH2-CH2-O - C(O) - C(CH3)2 - (АA)n -  SG1
 
Scheme 1. General scheme of the PAA-brush formation on the gold-coated substrate. 
 
It was found that the initial formation of the monolayer is very fast, but then this rapid 
adsorption is followed by a slower period of several hours during which the thickness slowly 
approaches its final value [5]. Therefore, for the first stage of modification, we chose two times of 
the immersing in mercaptoethanol solution: 1 hour and 20 hours (overnight), but in our case the 
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For the second stage the N-succinimidyl ester was chosen because of the easy preparation 
and its high reactivity towards nucleophiles (in our case OH-group). The reaction was carried out at 
00C to avoid the decomposition of the BlocBuilder alkoxyamine. 
The successful formation of the initiator layer was confirmed by XPS (Figure 1). This 
characterization method proves the presence of initiator layer on the surface (the presence of S, P, N 
and O (Table 1)), but the information about the quality of the layer could be obtain only after 
polymerization by measuring the grafting density of the polymer.  
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Figure 1.  XPS measurement of initiator layer formation for 1 and 20 hours, from top to bottom 
respectively. The enlargement of the O 1s, C 1s, N 1s, S 2p shows the presence of these atoms after 
surface modification. 
From the XPS spectra we can see the presence of C-O and C=O bonds and N-C bonds as 
well, which come from the second stage of modification, i.e. significant grafting of the MAMA-
NHS. For the sample S_1 one can notice the presence of O-H bonds (the maximum of the peak is 
situated between the values which correspond to the bonds O-C and O-H, while for the sample 
S_20 there are no residual O-H groups in its structure. This means that the second reaction for the 
sample S_1 is not full completed. The binding energy for the sulfur (S 2p) of 162 eV proves the 









Table 1. Binding energies for atoms studied by XPS. 




 S_1 S_20 
C 1s 284.94 285.00 
N 1s 399.69 399.60 
O 1s 531.54 532.35 
P 2p 134.74 134.35 
S 2p 161.99 162.05 
 
 
Thus, the two step modification technique is proved by XPS to be the effective method for 
formation of initiator layer on the gold-coated surface. 
 
Surface-initiated polymerization 
Homopolymerization of acrylic acid 
Nitroxide-mediated radical polymerization of acrylic acid was performed as previously 
described in this manuscript but also by Laruelle et al. [15]. The synthesis of the polymer was 
performed in dioxane at 120 0C in the presence of initiator-grafted gold surface and free 
alkoxyamine (Blocbuilder). Indeed, the number of radicals from the planar surface is too low to 
initiate the polymerization. So, sacrificial initiators have to be introduced with a slight excess of 
nitroxide SG1 (9%) to avoid side reactions and to ensure a good control of the chains growth from 
the surface and in solution [16].  In this case, it was previously showed that the macromolecular 
dimensions of the polymer chains at the surface and in solution were the same [17]. 
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The addition of the free-initiator to the reaction mixture indeed allows the determination of 
macromolecular characteristics of the free-polymer in solution and, consequently, of the grafted 
polymer. In literature it was shown by many other groups [7, 18, 19] that the difference in 
molecular weight of the free-polymer and grafted-polymer is negligible, though the near-surface 
process can be influenced by many factors. The macromolecular characteristics of the synthesized 
brushes are presented in Table 2 (a,b,c). 
 







 (g mol-1 by SEC) 
Mn  
(g mol-1 by NMR) 
DP exp 
S_1 230 7 200 10800 100* (150**) 
S_20 230 7 200 10800 100* (150**) 
QCM_1 230 7 000 - 100 
QCM_2 350 9 200 - 130 
QCM_3 460 16000 - 230 
* - determined by SEC 
** - determined by 1H NMR 
 
 
Table 2b. Macromolecular characteristics of block-gradient-brushes. 


















QCM_4 15 000 50 120 55 45 0.25 0.75 
 
a
 number average molecular weight determined and b degree of polymerization of PAA- and gradient blocks determined 
by NMR, c final conversion of monomers determined by NMR, d molar fraction of styrene and acrylic acid in the final 
copolymers determined by NMR 
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Table 2c. Instantaneous fraction of the acrylic acid monomer units in the second block of block-
gradient brushes determined by 1H NMR. 
 







Grafting density was determined by ellipsometry for obtained PAA-brushes in dry state and 
in aqueous solution. For the ellipsometry in dry state, we used two samples with grafted PAA which 
have the same molecular weight (10800 g mol-1, DP=150 using the NMR-data), but differ in the 
immersion time in solution of the initiator, i.e. 1 and 20 h (S_1 and S_20). We found that the 
grafting density is almost the same for both samples (Table 3). Using the synthetic procedure 
described previously, the maximal density was then reached within one hour. This means that 
therefore for further samples we carried out the first stage of the modification only for 1 hour.  
Ellipsometry in dry state gives the thickness of the layer d = 3.44 nm, and taking the PAA 
density of 1.1 g ml-1, MN = 7200 g mol-1 and using the equation σ =10-21d ρ NA / MN, the grafting 
density σ = 0.315 chain/nm2 and 0.283 chain/nm2 are obtained for the sample S_1 and S_20, 
respectively. 
For the ellipsometry in solution, we used samples which were prepared in the same 
conditions. The surfaces were deposited in water at pH = 7.5. At this pH, the chains of acrylic acid 
are charged because of ionization of acidic groups. Therefore, the chains are stretched due to 
electrostatic repulsions and the thickness of a layer approaches the contour length of fully extended 
polymer chain. If we compare the thickness obtained by ellipsometry with the theoretically  
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calculated chain length taking into account that the number of the units equals 150 and the distance 
between units along the contour of the chain equals 2.5 Ǻ, we will have a good match of these two 
values. Indeed, the theoretical and measured thicknesses for the sample S_1 are 37.5 nm and 32.5 
nm, respectively.  
 
Table 3. Characteristic of the PAA brushes determined by ellipsometry in dry state and in solution. 
The stretching parameters is defined as S=dexp/lc 
Grafting density and 
layer thickness: 
Dry state 
Grafting density and 
layer thickness: 








nm σ  
chain/nm2 




d exp (S) 
nm 
1 150 37.5 0.315 3.44 (0.1) 0.35 32,5 (0.9) 
20 150 37.5 0.283 3.09 (0.08) - - 
 
 
Study of pH- and electro-responsive behavior by QCM-D 
A QCM consists of a thin quartz disc placed between a pair of gold electrodes. Due to the 
piezoelectric properties of quartz, it is possible to excite the crystal to oscillation by applying an AC 
voltage across its electrodes.  
The resonance frequency (f) of the sensor depends on the total oscillating mass, including 
water coupled to the oscillation. When a thin film is attached to the sensor the frequency decreases. 
If the film is thin and rigid the decrease in frequency is proportional to the mass of the film. The 
mass of the adhering layer is calculated by using the Sauerbrey relation: 
   
 
 164 







−=∆ , where C=17.7 ng Hz-1cm-2 for a 5 MHz quartz crystal and n=1,3,5,7…is the overtone 
number. 
In most situations the film is not rigid and the Sauerbrey relation becomes invalid. A film 
that is “soft” (viscoelastic) will not fully couple to the oscillation of the crystal; hence the Sauerbrey 
relation will underestimate the mass at the surface. A soft film dampens the sensor’s oscillation. 
The damping or energy dissipation (D) of the sensor’s oscillation reveals the film’s softness 







= , where Elost is the energy lost (dissipated) during one oscillation cycle, Estored is the 





To illustrate the pH response of PAA-brushes the cyclic measurements were performed by 
immersing the QCM-D resonator with grafted polymer in the cell under a flow of buffer solutions 
(pH 3.3 and 6.9) consisting of citric acid and sodium hydroxide at 250C.  
Figures 1 and 2 shows the time dependence of changes in frequency (∆f) and dissipation 
(∆D) of polymer brushes. It is known that ∆f is the response of the mass or thickness of the layer on 
sensor surface, while ∆D reflects the structure of the layer. When pH increases from 3.3 to 6.9 the 
carboxyl groups become ionized, electrostatic repulsive interactions between PAA chain segments 
become stronger, so that PAA chains tend to be stretched and the layer becomes thicker (more 
hydrated). This leads to a decrease in f. At the same time as pH increases D grows up indicating that 
more oscillation is damped by polymer brushes, they become more viscoelastic and hydrated. In  
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contrast, as pH decreases from 6.9 to 3.3 f increases due to dehydration of PAA chains and decrease 
in thickness of PAA brushes. A concomitant decrease in D indicates the contraction and 
dehydration of PAA-brushes as well. We remark that for relatively short PAA chains at moderate 
grafting density this collapse of the brush may lead to formation of laterally inhomogeneous 
structures.  
 
Figure 1. Time dependence of the changes of frequency (f) and dissipation (D) in cyclic experiment 
at pH 3.3 and 6.9 for the samples QCM_1, QCM_2 and reference bare substrate. 
 
Figure 2. Time dependence of the changes of frequency (f) and dissipation (D) in cyclic experiment 
at pH 3.3 and 6.9 for the samples QCM_1, QCM_3, QCM_4 and reference bare substrate. 
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Figure 3. Time dependence of the changes of frequency (f) and dissipation (D) for the sample 
QCM_1 fitted by Voigt-Kelvin model. 
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Figure 4. Mass per area unit changes in cyclic experiment at pH 3.3 and 6.9. 
 Figure 3 shows f and D values which were fitted by theoretical representations based on Voigt-
Kelvin model with Q-tools software. Considering that the bulk solution was diluted its density and 
viscosity were taken to be those of water. 
Clearly, f and D fitted by the Voigt-Kelvin model agree well with the experimental results 
(see example of the fitting on Figure 3).  
Obtained results are in agreement with the literature data for the behavior of PAA-brushes at 
low and high pH [8], where PAA-brushes were grafted on QCM-D resonator by ATRP, the distance 
between two grafting sites was estimated to be 0.5 nm based on the self-assembled monolayer chain 
density on a gold surface and thickness in water in swollen state was 20 nm that was determined by 
QCM-D based on the Voigt model. They used continuous flow of buffer solution with oscillation of 
pH from 3.2 to 6.6. Time dependences of frequency and dissipation changes were determined by 
QCM-D, thickness, shear viscosity, elastic shear modulus were fitted by Voigt model. Only one  
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sample was chosen for the experiment, no comparison for different molecular weight or grafting 
densities was shown. 
As our samples of grafted PAA have different molecular weight and different architecture 
(gradient copolymer) one can compare the response of the brushes depending on these parameters. 
As we can see from the Figures 1, 2 and 4 the changes of the frequency and dissipation for brushes 
become larger with the increase in molecular weight, and for gradient copolymer brushes (QCM_4) 
they are the smallest  due to the presence of ST-units in the polymer structure and possible in-plane 
association of the gradient blocks.  
At pH=3.3 the PAA brushes are non-charged and collapsed whereas at pH=6.9 they are 
charged and stretched. The thickness of the brush at high pH is proportional to the length of the 
chains. The water within almost the entire brush is completely coupled to the oscillation. For thick 
brushes we can get high dissipation and then ∆f depends not completely linear on the coupled mass. 
However, we can expect that ∆f (as a measure of the mass of water inside the stretched brush) is 
approximately proportional to the chain length, that is in reasonable agreement with the data 
presented in Figures 2-4.  
For gradient copolymers, we know from the solution studies that there is association at 
pH<7.5. [20]. Therefore, we suggest that at pH=6.9 the brush consists of pinned micelles, and we 




We have investigated a method of switching the conformation of PAA-brush using an 
applied voltage. Surface-grafted polyelectrolyte brushes exhibit rich responsive behavior and show 
great promise as “smart surfaces”, but used so far switching methods involved changes of physical 
or chemical conditions in the solution that is in contact with the brush. The presence of charged  
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groups and counterions in PE brush opens the possibility of controlling structure and properties of 
the surface using externally applied electric fields.  
Theory predicts different kind of response of the (anionic) brush to applied to the surface 
potential [21,22,23]. Negative potential (or negative charge) on the surface leads to additional 
stretching of the chains in the brush, the ends of the chains are redistributed from the central regions 
of the brush and the “dead zone” without chain ends appear near the surface [21]. The effect is 
stronger for brushes with quenched charges, whereas for pH sensitive brushes, like PAA, negative 
charge of the surface leads to partial suppression of ionization (protonation) of grafted PAA chains 
[23].  
On the contrary, positive potential of the surface leads to phase segregation in the brush: a 
fraction of the grafted chains plays a role of multivalent counterions to the oppositely charged 
surface and get adsorbed in the narrow adsorption layer to compensate the charge of the surface 
[22]. The remaining chains form “depleted” brush with effectively reduced number of chains per 
unit area. This depleted brush is less extended and also the depth of penetration of the solvent flow 
into the brush increases. Both trends should lead to a weak decrease in the measured by QCMD 
thickness of the brush. The response of weak polyacid brush to positive voltage on the surface is 
expected to be stronger than that of a polyelectrolyte brush with quenched charges due to additional 
ionization of the chains caused by positive potential [23]. 
In the work [24] swelling/deswelling behavior of a weak polybase (poly(2-(dimethylamino)-
ethyl methacrylate) was studied, they found that positive voltages cause swelling of the chains, 
while negative voltages in some cases caused deswelling. This effect was observed by ellipsometry 
and neutron reflectometry. 
We studied the range of the voltage from -1V to 1V (Figures 5,6), because beyond these 
values the electrodes are destroyed. Before each experiment we measured Open Circuit Potential  
 170 
Chapitre IV: Synthèse de brosses de polymères sur surface d'or et étude de leurs propriétés pH ou 
électro-sensibles 
 
(OCP) - the potential difference between solution and grafting surface without applied voltage. It 
was around +0.1 - +0.3V from one experiment to another. This value can be attributed to the 
presence of negatively charged PE brush on the surface. As an electrolyte we used 10mmol solution 
of NaClO4, aqueous solution of this salt has pH=8, this means that the chains of PAA in the brush 
without applied voltage are negatively charged and extended.  
 
Figure 5. Changes of frequency under applied voltage in negative range in electrolyte 
solution for the sample QCM_3 
 
Figure 6. Changes of frequency under applied voltage in positive range in electrolyte 
solution for the sample QCM_3 
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The strongest response of the system to the applied voltage was observed in the negative 
region from -0.3 V to -0.7 V.  We found also that the voltage at which marked response of the brush 
is observed depends on the molecular weight of the polymer: for PAA-brushes with molecular 
weight MN=16000 g mol-1 this value is -0.4V, whereas for other sample with molecular weight 
MN=9000 and for gradient copolymer the applied potential should be -0.6V.  
Then we repeated the experiment under applied constant voltage in the range from -0.4V to -
0.6 V for a longer time - the measurement was carried out for 30 minutes.  During this time two 
regions in the time dependence of ∆f can be distinguished: in the first region a fast process occurs 
and we see an abrupt decrease of frequency (Figure 7, region (a)); in the second region the slow 
relaxation process takes place, here frequency slowly increases and reaches a plateau value which is 
smaller than that in the initial state (without applied voltage) (Figure 7, region (b)).  
As a reference we measured the bare substrate, and we observed an effect of applying the 
voltage to the bare electrode as well, but the effects were not as large as for the substrates with 
grafted polymers and there was no two relaxation processes. 
The effect of applied voltage depends also on molecular weight of the polymer: the change 
in frequency for PAA QCM_3 is much bigger than for PAA QCM_2. In the case of gradient 
copolymer the first region of the fast drop in frequency is similar to the case of QCM_2, but the 
plateau value for frequency is lower than that for the brush formed by pure PAA chains. This effect 
may be attributed to induced by the applied negative voltage (partial) dissociation of the “pinned” to 






















Figure 7. Changes of frequency under applied voltage in electrolyte solution for the samples 
QCM_2, QCM_3, QCM_4. 
For the positive range of the applied voltages we also observed two-phase kinetics, but with 
opposite changes in frequency corresponding to the collapse of the brush: frequency increases fast 
after the switching of the voltage and then again a slow relaxation process takes place (see Figure 
6). 
If we place the samples in buffer with low pH (pH 3.3) the effect of chain response 
disappears – carboxylic groups of PAA are protonated and changes in the surface charge cause only 
polarization of the electrode due to migration of the electrolyte ions (Figure 8), the amount of which 











Figure 8. Time dependence of the changes of frequency (f) and dissipation (D) for the 
sample QCM_2 at pH 3.3. 
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We have shown that NMP can be successfully employed for the synthesis of the brushes of 
PAA and block-gradient copolymer of ST and AA on the gold-coated surface. This procedure 
involves two steps of the surface modification (the formation of initiator layer covalently bounded 
to the substrate) combined with a direct polymerization of AA or copolymerization of ST and AA. 
The efficiency of surface modification was proved by XPS-analysis. Grafting density was found to 
be 0.3 chains/nm2 by ellipsometry in dry film and in water at pH 7.5. pH- and electro-responsive 
behavior was studied by QCM-D method. At high values of pH polymer chains are stretched due to 
the electrostatic repulsion of carboxylic groups and at low pH these groups are protonated and 
chains are contracted, therefore we observed the oscillations of the thickness of polymer layer under 
cyclic changes of pH from 3.3 to 6.9. When the electric field is applied the response of the brushes 
reveals two-phase kinetics: we observed the fast changes of frequency which are followed by the 
















Dans ce dernier chapitre, nous avons décrit la synthèse par NMP de brosses de PAA et de 
copolymère à gradient Poly(AA-b-(AA-grad-ST) à  base de Styrene ST et Acide Acrylique AA sur 
la surface d'or, ce qui représente à notre connaissance une première.  
Pour cela, deux étapes de modification de la surface ont été combinées avec la 
polymérisation directe de l'acide acrylique. Les caractéristiques macromoléculaires ont été 
déterminées par RMN du proton et par chromatographie d'exclusion stérique. La densité de greffage 
a été estimée par ellipsométrie à 0,3 chaînes/nm2, que ce soit dans le cas du film sec ou immergé 
dans l'eau. Le polyélectrolyte (PAA) greffé sur la surface du métal conduit à des propriétés uniques 
du matériel - ce qui ouvre la voie pour obtenir des « surfaces intelligentes » qui peuvent répondre 
aux stimuli externes par des changements conformationnels de la brosse de polymères.  
Dans notre travail, les stimuli externes comme le pH et un champ électrique ont été utilisés. 
L’influence du pH et du champ électrique sur le comportement des polymères greffés a été étudié 
par la méthode QCM-D seule mais aussi couplée avec une cellule électro chimique. Nous avons 
constaté qu‘à faible pH toutes les chaînes sont effondrées, tandis qu'à un pH élevé, les chaînes de 
polymères sont étirées à cause des répulsions électrostatiques des groupes carboxyliques chargées. 
Ces oscillations dans l'épaisseur de la couche de polymère ont été observées lors des cycles de 
changements de pH entre 3,3 et 6,9. 
La réponse des brosses au champ électrique appliqué est plus complexe avec dans ce cas un 
comportement cinétique en deux phases. Sous voltage négatif, une étape rapide suivi d’un stade de 
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Nous avons démontré que la polymérization radicalaire contrôlée par intermédiaire d’un 
nitroxyde (NMP) peut être utilisé pour la synthèse de la variété des copolymères à gradient capables 
de l’auto-assemblage réversible et pH-contrôlée en solutions et sur les surfaces. En particulier, nous 
avons synthétisé 1) copolymères diblocs amphiphiles à gradient qui peuvent s’assembler dans les 
micelles dynamiques sensibles au pH, 2) copolymères triblocs symétriques à gradient capables de la 
transition sol-gel réversible pH-déclenchée et 3) brosses de polymères pH- et électro-sensibles qui 
amenent à la nano-structuration de la surface. 
 
  Pour la meilleure compréhension de la cinétique et du mécanisme de la polymérisation de 
l’acide acrylique et du styrène par NMP, nous avons réalisé l'étude des paramètres quantitatifs de la 
réaction qui est la plus importante dans ce processus - la réaction de terminaison réversible des 
radicaux en croissance et le nitroxyde. 
 
La technique directe de l'inhibition compétitive a été appliquée à la détermination des 
constantes de vitesse d’activation des espèces « dormantes » dans les solvants différents. La 
recherche systématique de ces systèmes a montré que la polarité du solvant a l’influence 
significative sur la vitesse de la décomposition des adducts - l'augmentation de la polarité du solvant 
provoque la décomposition plus rapide des adducts polymèriques. Ce fait ouvre une autre voie de 
faire participer les monomères qui forment des liasons fortes avec les nitroxydes dans NMP. Nous 
avons constaté que la nature polymérique du radical en croissance a la grande influence sur les  
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valeurs des constantes de vitesse de recombinaison: radicaux de polystyrene non-actifs réagissent 
sélectivement avec les radicaux stables, tandis que les macroradicaux acrylates actifs n'ont pas cette  
sélectivité. Cela prouve l'importance d'utiliser la méthode expérimentale directe pour la 
détermination de ces constantes dans les systèmes réels. 
En outre, nous avons trouvé que les valeurs des rapports de réactivité apparentes d’acide 
acrylique et de styrène dans la copolymérisation initiée par le macroalcoxyamine - PAA étaient 
différents de ceux préalablement déterminée pour la copolymérisation de styrène et d’acide 
acrylique à l'aide de l'amorceur de faible masse molaire. Les profils instantanés (gradients) 
théoriques de composition des blocs ST-co-AA calculées en utilisant ces rapports de réactivité 
corresponde aux résultats de l'analyse RMN du proton. Ainsi, pour la première fois le rôle crucial 
de macroamorceur qui peut former des liaisons hydrogènes avec l'acide acrylique amenant à la 
consommation sélective de ce monomère a été démontrée. 
L'auto-assemblage des copolymères à gradient a été étudiée par DLS, SANS et TEM dans 
une large gamme du pH et de la force ionique. En raison de la présence des unités du styrène 
hydrophobes et des unités d’acide acrylique sensibles au pH dans les blocs à gradient terminaux, les 
copolymères à gradient sont capables d'association réversible en nano-agrégats (micelles) en milieu 
aqueux. Par la combinaison de méthodes DLS et SANS nous avons prouvé que la diminution du pH 
de la solution en-dessous d’un certain seuil mène à la formation de micelles à l'échelle 
nanométrique, qui se désagrégent lors de l'augmentation subséquente du pH. Les changements 
réversibles de nombre d'agrégation dans les cycles de pH ont été observées. Les images TEM 
confirment que les agrégats sont les micelles sphériques avec des domaines du cœur ST-riches, qui 
sont caractérisés par la distribution de taille large. En contraste avec les polymères à bloc PS-PAA 
avec la même composition qui forment les micelles gelées dans l'eau, les copolymères à gradient 
peuvent former des micelles "dynamique" capables de répondre à la variation du pH et de la force 
ioniques par des  
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changements réversibles dans l'état d'agrégation. La nature dynamique de l'association en solution 
de copolymère à gradient est expliqué par le fait, que la force des interactions de cohésion nettes  
entre les blocs à gradient terminaux dépend de l’ionisation des unités d’acides acryliques qui est 
contrôlée par le pH. La large distribution en taille des micelles et la coopérativité d'assemblage 
faible sont attribuées à la tension de surface plus basse à l'interface des domaines ST-riches et de 
l'eau en raison de la présence des unités d’acide acrylique. 
La nature dynamique de l'association des blocs à gradient assurée par la présence de 
monomères AA a été étudiée aussi pour des copolymères triblocs. À pH élevé la solution de 
copolymères triblocs se comporte comme un liquide viscoélastique avec la viscosité 3-5 fois plus 
grande que la viscosité de l'eau pure. La diminution du pH amène à l’assemblage réversible des 
blocs à gradient terminaux et à la formation d'un réseau transitoire menant à l’augmentation 
spectaculaire (jusqu'à 3 ordres de grandeur) de la viscosité et les valeurs élevées du module de 
conservation dynamique.  
Pour la première fois la NMP a été utilisé pour la synthèse des brosses de polymères sur la 
surface d'or. L'utilisation de la méthode "grafting to" permet de synthétiser des brosses denses de 
PAA ou copolymères à gradient d’AA et de ST. Le comportement de ces brosses dépend du pH de 
la solution: les brosses PAA peuvent gonfler et se contracter en réponse au changement du pH ou de 
la concentration du sel en solution ou de champ électrique appliqué. La réponse des brosses formées 
par les copolymères à gradient greffés sur la surface est plus complexe: en solution basique toutes 
les chaînes sont allongées en raison des répulsions électrostatiques des unités AA ionisés et ils 
forment les brosses homogènes sur la surface, et en solution acide des chaînes s’agrégent d'une 
manière similaire à ce qu'il a été décrit dans la chapitre II pour les copolymères diblocs amphiphiles 
à gradient en milieu aqueux. Le polymère lié de manière covalente avec le substrat peut s’agréger 
lors de la diminution du pH ou l’augmentation de la force ionique formant les nano-structures fixées 
sur la surface. Comme un stimulus alternative extérieure le champ électrique peut également être 
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utilisé. Les propriétés electroresponsives et la pH-sensibilité ont été étudiés par microbalance à 
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